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DETERMINATION OE EEEECTIVE DEVICE PARABdETBRS OP SILICON 
JUNCTION PIELD EFFECT TRANSISTORS 

by 

PRASANTA KUMAR NANDI _ 

Department of Electrical Engineering 
Indian Institute of Technology, Kanpur 

INDIA 

August, 1981 

Most of the circuit parameters of semiconductor devices 
under normal operating conditions can either be obtained by 
direct measurements or be calculated from the knowledge of the 
device parameters (geometrical and material) by using the 
relationships between the circuit parameters and the device 
parameters. The values of such parameters are published by 
the device manxifacturers and are freely available to circuit 
designers, whereas the values of the device parameters are 
generally far less accessible. In fact, even if the design 
values of these parameters are furnished, there is a certain 
amount of uncertainty in the actual device parameters that 
result during the fabrication process. Hence if, for any 
extended application of a device, a circuit designer is in 
need of extrapolating the values of certain circuit parameters 
of interest, he is left with two options : 
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( 1 ) to measure the relevant circuit parameters under actual 
conditions of operation, 

(2) to infer the values of the device parameters from 
measurements done under normal operating conditions and to use 
this knowledge for calculating relevant circuit parameters 
under extended conditions of operations. The former option, 
though seemingly straightforward, may present considerable 
practical difficulties. The objective of this thesis is to 
establish a methodology for the second option, specifically 
for the JPET, 

Before one can actually select the two sets of parameters 

viz. device and circuit parameters, one must exercise caution 

to ensure that the relationships linking the chosen parameters 

are not mutually contradictory. One such inbuilt anomaly, 

which seems to have gone unnoticed by earlier workers arises 

out of the expressions for the channel conductance g^^ and the 

gate-channel capacitance c in the voltage-variable-resistance 

S 

(WR) region of operation. This anomaly becomes evident from 
the following considerations. 

(i) Experimental measurements of c for different values 

s 

of the gate-source bias give a linear plot of — ^ vs 

indicating an abrupt P-R junction with -uniform doping. 

(ii) Experimental measurements of the conductance g^^ of the 
residual channel left after the formation of the gate-channel 
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depletion layer show that varies linearly with the applied 
gate-soirrce bias, 

(iii) If the gate channel junction is indeed an abrupt 
P-N junction with uniform doping, g^^ should be proportional 
to the square root of the applied gate-source bias. 

Clearly, the three observations made above are not consistent. 
A conjecture for resolving this anomaly has been proposed on 
the basis of a parasitic transistor formed with the gate, 
channel and substrate of the JPBT as its emitter, base and 
collector respectively. The generation of carriers in the 
gate-channel as well as in the substrate-channel depletion 
layers is shown to be capable of causing the width of the 
residual channel to vary linearly with the applied gate-source 
bias. 

Device parameters for a planar JFET consist of channel 
dimensions (length, width and height) and the impurity profile. 
In the case of most commercially available JPBTs the doping 
is uniform and as such the impurity profile is given simply 
by the constant impurity concentration. One thus has to 
select a set of four circuit parameters whose values can be 
conveniently and accurately measured. These four values can 
then be used to set up four independent equations involving the 
four device parameters. The selection of these four circuit 
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parameters out of the various possible choices is carried out 
in the following manner. 

(1) The first consideration is the reliability of the 
relationships between the chosen circuit parameters and the 
device parameters. One thus makes the first short~list 
consisting of those circuit parameters which are related to 
the device parameters by well-accepted and preferably explicit 
relationships . 

(2) A priority list is now prepared out of the short-listed 
circuit parameters on the basis of the convenience and accuracy 
of the necessary measurements. 

(3) The first four parameters in the priority list are used 
in actual evaluation of the device parget ers while some of 
the remaining are used in providing cross-checks. 

This sequence of steps represents a general approach to 
the evaluation of the device parameters of any device from 
measurements of its circuit parameters. In case of JFET, this 
procedure is considerably simplified because of the nature of 
its models in the different modes of operation. 

The parallel-channel behaviour of JFET is well understood 
and reliable; explicit relationships exist for the following 
three circuit parameters characterising this mode of operation. 

i) Open-channel conductance g^ 

ii) Pinchoff voltage Y 

ir 

iii) Reverse-bias gate-channel capacitance c_. 

o 
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It has been observed that no other independent relationship is 
available from the circuit parameters in the gradual-channel 
model. The common source input capacitance leads to an 

expression with device parameters which has been utilised 
later as a cross check. 

For the fourth parameter, which should be independent with 
respect to the previous three, post-pinchoff models have 
therefore to be considered for obtaining another independent 
relationship between the two sets of parameters. As no 
satisfactory post-pinchoff model is available for short- 
channel JjPETs, the methodology is restricted to long-channel 
devices only. Thus, it becomes necessary that a method be 
developed to distinguish long-channel and short-channel 
JPBTs. Such a method has been developed on the basis of a 
property of the characteristic pointed out by 

Wedlock [ 1 ] . 

After a brief review of the different existing post- 
pinchoff models of long-channel JPBTs, the two models 
siaggested by G-rebene and Gandhi [2], and Lehovec and Miller [3] 
have been tested for their agreement with experimental results. 
Only the following two circuit parameters have been found to 
have explicit mathematical expressions in terms of the device 
parameters which are verified experimentally, 

i) Drain-source incremental conductance g^^ 
ii) Gate-source incremental capacitance o , 
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Of these two has been selected from the standpoint of the 
relative ease and accuracy of its measurement under pulsed 
biasing condition. 

The four device parameters are determined uniquely from 
the measurements of the four circuit parameters. The device 
parameters so obtained are the effective parameters in the 
sense that these are capable of predicting only the electrical 
characteristics of the device and are not necessarily the 
parameters for the manufacture or design of the device. The 
validity of these effective device parameters has been 
established by the following checks done with the auxilliary 
measurements. 

i) The dependence of on and has been derived 

zl 

for an experimental determination of the quantity :r~ where 

cl 

z = channel width; L = channel length and a = undepleted 
channel height. The device parameters have been directly 
substituted to obtain this quantity which agrees within 
reasonable limits with the measured one. 

ii) The dependence of c^^ on and has been 
developed and the model has been tested for its validity 
through experimental measurements. A combination of the 
device parameters, N^^q^p^a^z^ is directly obtained from the 
experimental measurements of this capacitance for different 
values of the bias currents and voltages. The value of this 
combination is obtained by a direct substitution of the 
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device parameters and is compared with the one obtained from 
the measurement of gate-»source capacitance under post-”pinchoff . 
The agreement within order of magnitude has been obtained 
indicating a fair validity of the model and the device 
parameters for long-channel commercially-packaged silicon 
JPETs. 
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GHAPTiiR 1 ; IFMODUGTION 


The characteristics of semiconductor devices are 
analysed with the help of well-established physical laws 
of current transport, potential distribution and carrier 
continuity. The usual objectives behind such analysis 
are two fold : 

i) to provide the device designer with the 
necessary functional relationships for meeting specific 
application requirements and 

ii ) to provide a model of the device to the appli- 
cation engineer for designing circuits using the device. 

While the former objective is fulfilled by the manufac- 
turing houses themselves through appropriate modifica- 
tions and extensions of the established theory, the 
latter objective requires the manufacturer to visualise 
adequately the possible applications of the device. 
However, an ingenious circuit designer always finds some 
new interesting applications of the existing semiconductor 
devices beyond the domain of the applications visualised 
by the manufacturer. Such innovative ventures are often 
hindered by the absence of the right kind of data regar- 
ding the concerned device. This difficulty arises out of 
the limitations imposed by any model on the characterisa- 
tion of the device. It would Indeed be desirable to estab- 
lish a methodology by means of which a circuit designer 
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is capable of obtaining a complete information on the 
device parameters (geometrical and material) through a 
few simple but accurate measurements on the device which 
effectively control the terminal characteristics he is 
interested in. Such a methodology, would, in general 
entail the following three distinct steps. 

i) Representation of the devic e : inter-re lati on- 
ships among circuit properties and device parameters are 
obtained in the form of models by invoking the relevant 
physical laws. 

il) Determination of Device Parameters : the 
device parameters are estimated from experimental data 
on the circuit parameters, keeping in view the sensiti- 
vities of the measurements to the device parameters as 
well as to the environments . 

ili) Validation of results : the model as well as 
the inferred values of the device parameters are cross- 
checked for consistency. 

The junction field effect transistor (JPhT) is 
a device where this problem is of particular significance 
due to the diverse range of its applications. The 
objective of the present investigation is to develop this 
methodology for JFJST, so that, by using presently avail- 
able information on the inter-dependence among its 
circuit parameters, it is possible to determine the values 
of the device parameters, which may then be utilised for 
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finding the parameters of any model. 

It shOTild he noted at this point that the values 
of the device parameters obtained through this exercise 
are 'effective' values, which need not be identical with 
the actual 'fabrication* parameters used by the manufac- 
turer for the fabrication of the device. The implication 
of this deviation is crucial for the objective outlined 
earlier. While the fabrication parameters do form a basis 
for predicting the circuit properties of the device, it 
is well known that the final values of the parameters 
obtained after actual fabrication of the device do differ 
from the desired values. On the pther hand, the 'effective* 
parameters obtained thraj^ the methodology adopted in this 
dissertation are based on circuit parameters themselves, 
and are as such more appropriate for assessing the per- 
formance of the device in usual as well as extended appli- 
cations. In fact, the validation step is also to be 
interpreted in this li^t, the primary emphasis being on 
the consistency among the measured and predicted para- 
meters .• 

1.1. Device parameters of a JFET 

A simplified schematic diagram of an n-channel 
JPET is shown in Figure 1.1 where the terminal voltages 
and currents are indicated by their usual symbols. In 
principle, a circuit m ule for tie device may be obtained 
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to sijit any application at hand provided the functional 
dependences of the currents ij^ and i^ on the voltages 
Vjjg and Vq^ are explicitly known. These fnnctional- depen- 
dences can be determined, in principle, through a solu- 
tion of the mobile-charge continuity, Poisson and current 
transport equations (written below for semiconductor 
devices in general) subject to the boundary conditions 
imposed by the applied voltages Vj^g and v^g : 


If = «a - * i ■’n 

.. (1.1) 

|E = G - U -i-v-7 

6t p P q P 

.. (1.2) 

<4 

te; 

ii 

.. (1.3) 

^ = q q n 

.. (1.4) 

J =-qD P 

p p p 

.. (1.5) 

"f. T a. T 4 . C- ^ 

J — J + d + e TIT 
n p ot 

.. (1.6) 

> symbols have their usual meaning. 

For n-channel 


JPhT these equations become simplified, due to the 
absence of generation and recombination and the pre- 
dominance of drift in the conduction current as follows 


6n _ 1 ^ V 
•vt: = — V • J 
ot q 


V • ifi = - • 

e 

J - qnv^ + e 


(1.7) 

( 1 . 8 ) 
(1.9) 
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The mechanisms that lead to the conduction component of 
the £iate current have been ignored here because this 
component has a very small magnitude tinder normal opera- 
ting conditions. 

In order to obtain the drain current ijj and the 
displacement component of the gate current from the 
solution of the eqtiations (1.7) to (1.9), a knowledge of 
the values of the following parameters is necessary s 

i) the height of the undepleted channel 'a', 

ii) the length of the channel *L*, 

iii) the width of the channel *z', 

iv) the distribution of the charge density 

v) the carrier density in the channel 'n', 

vi) the velocity-field characteristic in the 

channel (i.e. saturated velocity 'v_' and 

O 

mobility 'p^')and 

vii) the dielectric constant of the semiconductor 

•e' . 

The channel dimensions a, z, L (indicated in 
Figure l.l) constitute the geometrical parameters of the 
device. Of the material parameters constituting the 
remaining data needed for the solution of the equations, 
dielectric constant and saturation velocity of the 



6 


majority carriers are intrinsic properties of the semi- 
conductor, while f and n both depend on the profile of 
the impurity concentratL on One moi*e parameter of 

interest, which is. also affected by the manufacturing 
process is the drift mobility which determines the 
dependence of carrier velocity on the electric field in 
the linear region of the velocity-field characteristic. 

The following empirical expression for in terms of 

% 

has been given by Gaughey and Thomas [1] . 


u . + 

^min 


max 


min 


1 + ( 




,<x 


W- 


ref 


( 1 . 10 ) 


Thus the complete set of 'device parameters' 
consists of the geometrical parameters a, z and L and 
the material parameters and if the Caughey-Thomas 
relationship is not exploited. However, by using this 
interdependence of and the number of device para- 
meters can be redixced to four (a, z, L, 

1.2. Oircuit parameters of JfbT 


Any attempt to correlate the device parameters 
to a chosen set of circuit parameters has to be based on 
well-established analytical or empirical relationships. 
While looking for such relationships one must exercise 


■it Numbers in brackets designate deferences at the 


end of each Chapter. 
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0 < I V,l< 1 V 2 I 
Region a - Parallel channel 
Region B“ Gradual channel 
Region C” Posl-pmch off 

- — V D S 

(a) Id - Vd 5 characteristics (h-channel) 





POST-PlNCH OFF MODEL 
12 THE THREE REGIONS OF OPERATION OF A JFET 
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a lot of caution as even analytical appi'oaches based on 
well-founded theories may lead to results not corroborated 
by experiments. An interesting example of such an anomaly 
has been found in the course of this work and is discussed 
in the next chapter. 

As the present objective can be served only by 
proven relationships among the device and circuit para- 
meters, it is absolutely essential to confine our attention 
to the set of independent circuit parameters from those 
widely used in practical applications. 

1.2.1. Circuit parameters and the physical models 

I’he geometrical configuration of a planar Ji'uil 
is shown in Jj'igire 1.1 with a donor doped channel. The 
substrate and the gate are doped with acceptor impurities,* 
the gate is heavily doped while the substrate doping is 
somewhat lighter than that of the channel. 

This structure of J^'iST has been commonly used 
for modelling by many workers. In the following subsections 
a classification of the models based on the applied bias 
voltages has been discussed . Also the different circuit 
pfxrameters which have been evolved from each class of 
physical models are also put forward in a table lor a 
closer examination of the relative ease and accuracy of 


their measurements. 
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Physical modelling of JPET has been pioneered 
by Shockley vrith his gradual channel approximnfci on. The 
gradual -channel model as conceived by Shockley does not 
contribute much towards the evolution of the circuit 
parameters of JPET and can not be used for analysis of 
circuits/ yet it is the most Important physical model 
from the point of view of basic understanding of the 
physical phenomena in JPETa. 

The other classes of physical models are, on the 
other hand based on circuit applications. The principal 
use of JPET lies in the input stage of voltage amplifiers 
because of the inherent high impedance and low-noise 
capability of the device. The physical model developed 
for this circuit application of JPETs is the post-pinchof f 
model where the phenomenon of current saturation in the 
channel aids to its application as an amplifier. Another 
important area of application of JPET exploits its voltage- 
variable resistance (VYR) property at low values of drain- 
source voltage Vpg. A special case of YVE operation is 
the low level sampling gate which is perhaps as important 
an application of JPET as any other. The relevant physical 
model is the parallel -channel model. The different regions 
of operation of JPETs, along with the corresponding small- 
signal equivalent circuits, are shown in Pignre 1*2. The 
resulting classification of the physical models representing 
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these different regions as well as the relevant circnit 
p;drameters is given in table 1.1. The expressions relating 
the parameters defined in table 1.1 to the device para- 
meters are examined in chapters 2, 3 and 4 for their 
acceptability. 


Table 1.1 JfET Circnit parameters 


Regi on 

Model 

A 

Parallel- 

Channel 

B 

Gradual- 

channel 

G 

Post- 


pinchoff 


Bias Voltages Circuit parameters 




Static Dynamic 


jmm 1^1 


«i 



^do~6v 


Og (gate- 


DS channel 
capaci- 
tance) 


=*m 6v, 


°iS3 


(common 

, _ ^^D source 

’da 6Vjjg input 

capaci- 

tance) 

Cgg (gate 

soxirce 
cap.) 

Cg^(gate 

drain 
cap. ) 

°ds 
(drain 

source 

cap . ) I 


’ds 6v-r 
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1.3. Formulation of the problem 

The purpose of the present work is to obtain the 
values of the device parameters of a JFBT from the 
knowledge of the values of a selected set of circuit 
parameters. As the number of cifcuit parameters available 
from various models would considerably exceed the number 
of device parameters, the procedure for selecting the set 
of circuit parameters to be used involves the following 
steps : 

i) Identification of a set of circuit parameters 
related to the device parameters through well-established 
physical or empirical relationships. 

ii) Determination of the device parameters from a 
minimal set of circuit parameters chosen out of the 
possible 'adequate' sets which are sufficient for obtaining 
a unique solution. 

iii) Calculation of other circuit parameters from 
the values of device parameters already obtained, and 
cross-checking them with experimental data. 

These steps constitute the methodologjr given at 
the beginning of this chapter and are developed and 
carried out in chapter 5. The relationships actually uti- 
lised for the purpose are developed through studies of 
available models of JFBTs starting with the parallel- 
channel model in chapter 2t gradual -channel and post- 

a-F-P in find A tlvei 1 t» 
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CHiiPTER - II 


PARALLEL CHANIfEL MODEL AMD DEVICE PARAMETERS 

The parallel channel model of JEET applies to the 
situation where the magnitude of the drain-source voltage 
Vjjg is negligible in comparison with the pinch off voltage 
Vp, so that the depletion layer remains essentially 
parallel to the gate-channel botmdary. Before exploiting 
the existing physical models for this region of operation, 
the possible effects of a hitherto neglected aspect of 
planex JEET, viz. the floating substrate are considered. 

In the following sections the effect of the substrate on 
the models for this region of JPET operation is investi- 
gated and is shown to be capable of explaining observed 
discrepancies between some existing models and experi- 
mental data. 

2.1. Effect of substrate 

It is evident from Figure 1.1 that the substrate 
terminal is not connected to any external lead of the 
device. Thus, there is no current in the substrate and 
hence its effect has to be purely electrostatic. The 
depletion layer in the channel region due to substrate- 
channel junction is the only mechanism which might affect 
the terminal characteristics of JFETs. This depletion 
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layer may either have a constant width independent of bias 
voltages applied to the device, or may vary with the 
applied bias voltages. In the former case, the existence 
of the substrate would lead to a fixed change in the 
effective channel height 'a‘, thus resulting in quantita- 
tive changes in the model parameters (e.g. in the value of 
the pinch off voltage). In the latter case the dependence 
of the terminal currents on the applied voltages would 
undergo a qualitative change. It is, therefore, of interest 
to examine how the substrate-channel depletion is affected 
by the applied bias voltages. 

2.1.1. Parasitic elements in JPET 

A convenient way of analysing the possible con- 
tributions of the substrate is to consider a parasitic 
element involving the substrate and other active regions 
of the device. A perusal of the planar configuration of an 
n-channel JPET shown in Figure 1.1 reveals the presence 
of a vertical PjNP transistor. The noteworthy features of 
this particular parasitic element are the following : 

1) the emitter' of the transistor is the gate of 
the JPET which is degenerately doped, 

2) the base region is the part of the channel 
directly under the gate having a width of 1 to 5 pM with 
a moderate doping, and 
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3) the collector region is the anhstrate ’which 
has the largest area in comparison with the areas of 
emitter and base. 

This parasitic PJSDP transistor wonld have a reaso- 
nable forward current gain due to the fact that the struc- 
ture and the doping levels in different regions are more 
or less compatible with the ones fabricated conventionally. 
The transistor in this form is indeed fabricated deli- 
berately while integrating a n-channel JFET and a PUP 
transistor on the same chip. Lin [1] has considered the 
parasitic JPET action in such vertical PHP transistors. 

It will not be out of place to add that such vertical 
transistors with Ji'.ijT devices from the super-alpha combi- 
nation - a popular composite device used in the area of 
analog circuit design for buffers and voltage followers* 

In all these cases, however, the parasitic PUJP transistor 
action within the channel of the JPhT has not been taken 
into consideration. 

Por the present analysis a distributed model of 
the parasitic PjNP transistor is considered as shown in 
Figure 2.1(a). The emitters of all the parasitic PNP 
transistors are connected to the gate, which has negli- 
gible resistivity. The conductivity of the channel is 
modulated by the applied electrical biases to the JPET 
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(Q) 3FET STRUCTURE WITH DISTRIBUTED PARASITIC 
ELEMENT 


Source Gate Drain 



tb) JFET STRUCTURE WITH LUMPED PARASITIC 
FOR PARALLEL-CHANNEL OPERATION 

FIGURE 2.1 JEFT STRUCTURE SHOWING THE PARASITIC 
ELEMENT 
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terminals. Hence the bases of all the parasitic transis- 
tors are connected by a chain of resistances terminating 
into the drain and sonrce contacts. I’he substrate does 
not carzy any current. Therefore, the collectors of all 
the parasitic transistors are at the same potential. 

A further simplification of the parasitic tran- 
sistor structure is possible for the parallel-channel 
operation. As the voltage drop along the channel is 
negligible in this regLon, the bases of the distributed 
transistors can be considered to be at the same potential. 
Accordingly, the distributed transistor structure shown 
in J?igure 2.1(a) may now be lumped into a single transistor 
as shown in Figure 2.1(b) which also shows the connections 
of the relevant terminals of the transistor with those 
of the Jl’iST. 

2.2. Analysis of the parasitic transistor 

It is evident from the biasing of JFfT in the 
parallel-channel region that the collector-base and the 
emitter-base junctions of the equivalent parasitic PIH? 
transistor shown in Figure 2.1(b) are both reverse biased. 
For obtaining the voltage-current relationships of the 
parasitic transistor under this biasing condition the 
model proposed by fibers and Moll [2] is employed which is 
capable of analysing the cut-off mode behaviour of bipolar 
junction transistors, a sitifition identical with the 



18 


present one. At the same time, it is also well-known 
that Ebers-Moll model is proposed to explain the injection 
currents and their voltage dependences. As this model 
explains the behaviour of junction transistors under cut- 
off mode also, the model seems to be adaptable for tran- 
sistors where not Oiily injection is the mechanism of 
current conduction but also other mechanisms like generation 
and recombination are prevalent ; with this concept in view, 
one proceeds to determine the relationships between the 
voltages and the currents of the parasitic PUP transistor. 

The principal mechanism responsible for conduction 
of current under reverse bias or very small forward bias 
is the generation of excess carriers in the depletion region. 
Diffusion of minority carriers leading to carrier injection 
is rather insignificant under such circumstances. This is 
corroborated by the experimental current-voltage relation- 
ship of Silicon diodes at room temperature under reverse 
bias, satisfying the equation 

I = [ exp ( ^) - 1] .. (2.1) 

instead of , 

I = lo [ exp ( II ) - 1] .. (2.2) 

where the latter is obtained in the case where the ideality 
factor n = If from equation (2.1), The assumption of a pure 
diffusion phenomena leads to equation (2,2). 
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The application of Ehers-Moll equations to the 
parasitic transistor in i’igure 2.1(b) yields 

“ ^Ji ~ “ “a ^CE *• (2.3) 

where and are the reverse bias saturation currents 
for the emitter-base and collector-base junctions respec- 
tively and is the reverse current transfer ratio. 
is the gate current of the JiTET. 

The floating substrate of the JPET results in 
zero collector Qurrent for the parasitic transistor. 3o, 

% = lo = ° = ^oa - “i- % •• 


where Uj,. is forward current transfer ratio of the para- 
sitic transistor. Prom equations (2.3) and (2.4), it is 
straight forward to obtain 


A. 


EE "■ 1 - 


and 




"CE 


1 


.. (2.5) 


.. ( 2 . 6 ) 


At this point, it is essential to have a knowledge 

of the mechanism of ccnductlon of these currents throu gji 

the parasitic transistor so that their dependence on the 

depletion layer widths w and w_. and on the applied bias 

s c 

^GS formulated. 

The present investigation being solely confined 
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to Silicon JFisTs, the reverse bias current a have been 
assumed to depend mostly on the generation of excess 
carriers in the depletion layers. The validation of this 
assumption by an indirect experiment is discussed after- 
wards . 


The model suggested by Sah, Noyce and Shockley [3] 
for generation-dominant characteristics of semiconductor 
devices is therefore used to obtain a direct relationship 
between the current Iee' Ice and the depletion layer widths 

w„^ as follows : 
go' sc 

^ER ^gc ** (2.7) 

loR < *80 ' •• (2.8) 


wherefrom 

w 


sc 

^gc 


ISM. 

^R 


ar 


(2.9) 


Here aj^ is the common base short circuit current gain of 
the parasitic PNP transistor. Equation (2.9)f therefore, 
leads to the conclusion that the substrate -channel deple- 
tion layer width w„„ and gate-channel depletion layer width 

qC 

w are not independent with respect to each other. The 
gate-channel depletion layer width w being adjustable 
with externally applied bias, it may be concluded that the 
substrate-channel depletion layer width w^^ also changes 
in the same way as that of the gate-channel junction. 


In the context of this discussion, it may be added 
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that the analysis of the JfhT in the parallel -channel 
region is of direct relevance in explaining the operation 
of the device as a low level switch. A single depletion 
layer has been conceived earlier for the model of parallel- 
channel operation of the device. Now, with the incorpora- 
tion of the effects of the substrate, the active channel 
height available for conduction has to be considered with 
a two-fold dependence on tte gate-channel bias and is 
presented in the following section. 

2.3* Parallel-channel model incorporating the effect 
of the parasitic transistor 


As mentioned in table 1.1 the following two 
parameters are relevant for the parallel-channel model : 

i) gate-channel capacitance c„, and 

ii) channel conductance 5 ,^ 0 ’ 


Both these parameters are dependent op the applied bias 
Vqq which should be in the range 0 <C P” 

channel devices and -7^ <C ^ n-channel devices. 

These two parameters are given in terms of the device 
parameters and the depletion layer widths w^^, and w^^ as 
follows : 


0 ^ Uik 


®do ^ ^ ^ 


* 


( 2 . 10 ) 


and 


• • 


( 2 , 11 ) 
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where g. z — — .. (2.12) 

o Ju 

is the conductance of the undepleted channel, assumed to 
be homogeneously doped with a constant impurity concen- 
tration. The gate-channel depletion width w„„ may be 
expressed for a one-sided abr\xpt jxmction with uniform 
doping as 


w 


gc 



2" (l\sl 


+ \i^ 


"o 1 


.. ( 2 . 13 ) 


If one puts 

Nq q 

^pi 2e J 


(2.14) 


w„. may be expressed as 

go 


^gc = ^ 




(2.15) 


The physical significance of 7^^ will be broTight otjt later. 
Using equations (2.9) and (2.14), equation (2.11) can be 
rewritten as 


8 . 


■do 


g^ [1 - (1+a^, 


,f 


I^GSI ^bi 


bi 


'pi 




.. (2.16) 


An expression for the pinchoff voltage 7 can now be 

Jr 

obtained by setting g^^ = 0 for 7^^ = 7^ in equation 


( 2 . 16 ) . 



( 1+0., 



(2.17) 


If the effect of the substrate is neglected i.e . one 
assumes aj,, = 0, equations (2.16) and (2.17) reduce to 
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Mo 


= So [ 1 


P- 


^pi 


(2.18) 


and V = V . ~ . 

p pi bi 


. (2.19) 


Thus, is simply the total reverse bias on the gsite- 

channel junction (including the built-in voltage 
required for pinchoff if the effect of the substrate is 
not considered. Equation (2.18) is the usual relationship 
given in the literature [4] for g^^ as a function of 
It is interesting to note that the expression for c as 

s 

given in eqmtion (2.10) is independent of and, as such, 
irrespective of ^Aiether the effect of the substrate is 

considered or not, one has the equation relating c.. with 

8 

'^os 


s 


= 


f 


pi 


I^GSI 


+ T. 


.. ( 2 . 20 ) 


bi 


In order to decide about the validity of the 
models for g^^ and c^, experiments are carried out to 
observe the dependences of g^^ and c^ on Vgg . 

2.3»1* Experimental techniques for the measurement of 
gdo and Cg 

Figure 2.2(a) shows the schematic for the conven- 
tional method of the measurement of g^^ using an admi- 
ttance bridge. One has to be careful that the magnitude 
of the a-c drain-source voltage is kept small in comparison 
with the d-c bias throughout the measurement. A novel 
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■^ 1 .. 

To irnpedance /udmiHunce 
bridge, (e.g.CR 1608A) 
operating at I KHZ 


(Q) CONVENTIONAL METHOD OF MEASUREMEN'I OF 
CHANNEL CONDUCTANCE 



b METHOD OF MEASUREMENT OF Qq s. Vbl 


FIGURE 2.2 METHOD OF MEASUREMENT OF VS V^s 
CHARACTERISTICS 



scheme of measurement has been developed in the course 
of the present work which measures not only as a 

function of but a3so provides the facility to obtain 
the value of the built-in voltage which is a para- 

meter otherwise difficult to measure. Besides, with a 
little modification of this scheme of measurement it is 
also possible to obtain a continuous plot of the open 
channel conductance g^ against temperature over a wide 
range. The set up is shown in figure 2.2(b) and is 
described as follows. 

A small d-c voltage (of the order of 50 mv) is 
applied between drain and source and the current flowing 
through the channel is converted into a voltage with the 
help of an opamp. This voltage is fed to the I input of 
an X.-Y plotter for a continuous recording. The gate- 
souroe bias is derived from a low resistance helical 
potentiometer (1 k ohm) for the provision of a smooth and 
continuous variation of the bias. The output from the 
potentiometer is connected to the gate of the device under 
test through a hi^^ series resistance (l M ohm), so 
that in the event of a forward bias, the voltage drop 
across the resisttince would indicate the flow of gate 
current. The points marked as and Xg are alternately 
connected to the X input of the recorder for two succe- 
ssive plots obtained with the variation of 
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A typical experimental plot of vs for an 
n-channel device using this method, is shown in Figure 
2.3(a). The following features of this plot are of interest. 


i) The two plots coincide for while 

they sharply diverge for implying that in the 

region to the left of point A the current drawn by the 
gate causes a voltage drop across so that the voltages 
at points and sante. 


ii) Point A thus marks the value of Vqq which just 
annuls the built-in potential ^bi* Hence, one directly 
obtains the value of 7^^ ( » 7^) from the plot. 


iii) dhen the gate -channel junction is progre- 
ssively reverse-biased a point B is reached where the 
drain current becomes zero. The magnitude of 7Qg at this 
point gives the value of 7^. 

iv) The vali:© of the open-channel conductance g^ 
is directly given as the value of g^^ at point A. 


For the purpose of a continuous plot of g^ with 
temperature, the potentiometer is removed and a constant 
gate current of the order of 1 pA is applied. The purpose 
of this current is to bias the gate-channel junction just 
at the threshold of conduction i.e. at point A of Figure 
2.3 (a). The gate voltage developed at this point is the 
built-in voltage which is a measure of the temperature 
of the junction; it is well known that the built-in voltage 
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for a lightly doped abrupt silicon P-IJ junction cirianges 
at the rate of 2«2 ml/ C over a wide range of tempera- 
ture [5]« This gate voltage is therefore connected to the 
1 input and a voltage proportional to the drain current 
is fed to the Y input to obtain a g^ vs temperature plot. 
A large thermal mass is attached to the header containing 
the device so as to ensure a slow rate of change of tempe- 
rature. An experimentally obtained plot for g^ vs tempe- 
rature is shown in Figure 2.3(b), along with an experi- 
mental plot for the low field mobility as a function 
of temperature [6]. The trend of the two curves are alike 
over a large range of temperature, leading to the conclu- 
sion that the product of az/L remains fairly constant 
with respect to the temperature, as expected. 

The characteristics of gate-channel capacitance 
c with reverse bias is obtained by the conventional 
method using a capacitance bridge. In this work, the 
capacitance bridge model Boonton-74C operating at 100 ZHZ 
has been used. As equation (2.20) predicts a linear rela- 
tionship between (““~) ^ and 1 ^(^3 | ♦ experimental data 

S ... 

have been accordingly plotted in Figiire 2.3 (c). 

2.3.2. An anomaly and a conjecture for resolvlag it 

The experimentally observed variations of g^^ 
and Cg with present a serioiB anomaly. As the plot 
of ( ^ )^ vs is a straight line, eqihtion (2.20) 
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is verified, ji:stifying the previous assumption of an 
abrupt junction and a uniformly doped channel. If the 
effect of the substrate is indeed negligible, equation 
(2.18) should be satisfied, which predicts a parabolic 
relationship between g^^ and the experimental plot 

of' vs V'yg, on the contrary, is a strai^t line over 

most of the range of Experiments on a large number 

of commercially available JFETs lead to the same anomaly. 


It is felt that this anomaly is a consequence of 
the fact that the depletion layer at the substrate- 
channel junction has been left out of considerati on in 
obtaining equation (2.18). It has been shown that a more 
general relationship between g^^ and Tgg is given by 
equation (2.16), which is reproduced below for convenience. 

.Q. ) y- ] . 


S. 


do 


go [ 1 - 


pi 


I^GSU^P 

(2.1b) 


It should be noted that if ttj,, is independent of this 
equation also gives a parabolic plot of g^o ^qq 
the anomaly remains unresolved. It i s our conjecture that, 
for a suitable functional dependence of ttp on g^o 

can become a linear function of V’gg, at least over a 
substantial region. 


Experiences with silicon transistors do show that 

ttn. has a significant variation with bias voltages and the 
r 
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phenomenon has contribnted, to the development of a very 
nsefnl device viz. silicon cdntrolled rectifier. The laws 
of Variation of with applied bias imder the condition 
of both jmctions in reverse bias has not been explored 
so far to the best of the infonnation available. 


Let the value of at pinchoff be designated as 
One notes that the value of to be used in equation 
(2.17) is a^,p and thus obtains the expression 


(1 app)^ (Vp + 7,,) 


pi 


( 2 . 21 ) 


aquation (2.16) may now be rewritten as 

flM 

V V a 
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do 


“ Sq [ 1 


1 4" 




1 + a, 


FP 


^ ^ \i 
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(2.22) 


The experimental data, on tte other hand, may be expressed 
in terms of the empirical relationship 


S. 


•do 


= 0. r 1 SA 1 

Ort L -L \r \r J 


'^p ^ \i 


(2.23) 


One can compare equations (2.22) and (2.23) to obtain 
1 + a 

i = t 'i 

P 


1 + a 


S' = i ^ y (,gt 


(2.24) 


‘FP 'p * 'bi 

'.’his requires to be a montonically increasing function 
of the applied bias the nature of the function being 

shown in Figure 2.4. That such a variation of with 
is indeed plausible may be seen from a consideration of the 
mechanism of current transport in junction transistors. 
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The base transport factor is enhanced by the 
redijction of the base thickness in a bipolar junction 
transistor. This is also a canse for the increase in the 
forward current gain with increase in collector-base bias. 

As the depletion layers at the gate-channel and the 
substrate-channel junctions of a Ji’kT widen due to the 
application of V’qq, the equivalent base width of the 
parasitic transistor (i.e. the residual channel width of 
the Ji''iiT) decreases resulting in an increase in . 

The effect of the parasitic transistor thus leads 
to a plausible explanation of the experimentally observed 
g^o ''^3 variation as given by equation (2.25)* Ibe 
assumption forming the basis of this analysis is that 
the reverse bias currents depend mostly on the generation 
of excess carriers in the depletion layers as stated in 
section 2 . 2 . 2 . It is therefore necessary to validate this 
assumption before one can use the parallel-channel model 
with confidence. 

2.3.3. Experimental validation of the assumption 

Let us start with the question whether an experiment 
can be designed to validate the assumption mentioned above. 
In this regardt the following facts in the mechanism of 
current transport in a P-II junction may be noted. 

i) Depending upon the band gap of the semi- 
conductor and the applied bias the current through a 
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P-N Junction flows either due to recombination/ generati on 
in the depletion region or by the diffusion in the quasi- 
neutral region or by a mixture of the two, the two extreme 
cases c orresponding to the value of the ideality factor 
ti=2 and 11=1 respectively. 

ii) the current which is controlled by generation/ 
recombination is proportional to the intrinsic carrier 
concentration n^ whereas that controlled by diffusion is 
proportional to n^^ . As a result, the latter component 
increases faster with rise in temperature than the former 
leading to a diffusion dominant current at ’high* tempe- 
ratures whereas the recombination/generation component is 
dominant at ’low' temperatures (provided the current- 
either forward or reverse is low). 

iii) the temperature dlscriminat ing the dominance 
of one or the other mechanism depends on the band gap of 
the material. 

It is due to these facts, that one finds the value 
of the ideality factor q = 1 for the entire forward bias 
region in Germanium P-U Junctions at room temperature 
whereas at liquid nitrogen temperatures the same P~N 
Junction shows the value of r| = 2- at low forward bias. 

Por P-N Junction in silicon which has a larger band gap 
even at room temperature one finds the dominance of gene- 
ration currents at low forward bias leading to i| = 2. 
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However, at sufficiently hi^ temperatures the diffusion 
becomes the dominant mechanism of current conduction even 
in silicon. Therefore, to test the validity of the assump- 
tions mentioned above, the vs characteristics is 
measured both at room temperature and at a substantially 
high temperature. The resulting plots shown in Pigire 2.4 
indicates a linear relationship at room temperature but a 
trend towards a parabolic relationship at high temperature 
indicating that the device tends to satisfy eq.imtion (2.18) 
obtained by neglecting the effect of the substrate at high 
temperature. It is thus established that the linear char- 
acteristic of g^^ vs Vgg of silicon devices as observed 
experimentally is indeed a consequence of the interaction 
of the two depletion layers through the generation/recombi- 
nation based Sah-Noyce-Shoclcley model. 


2*4. Device parameter relationships available from 
parallel channel model 


The plot of ( 4^ )2 vs yields a combination 
of the device parameters as its slope. As pointed out 
earlier, this relationship is quite reliable and can be 
used with confidence for evaluating the device parameters 


The nature of variation of g^^ with Yqq on the 
other hand can not be utilised due to the uncertainty 
in the mechanism of current transport as well as in the 
value of a.,. Only the values of g^ and V can therefore 

Jj up 

be used for the purpose of the present problem. 



Voltage proportional to 
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FIGURE 2.4 PLOT OF gdo Vus AT ROOM TEMPERATURE 
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It is tiiijs conclijded tiiat the parallel-channel 
model may be utilised to obtain the following three 
device parameter relationships. 


N q fi. az 
•? ) 0^ Q 

L 


ii) 

iii) 


a" 
0 z 


V + V, . 

P D1 


2 

e H^q(zL)2 



The actual procedure for utilising these data along with 
the informations available from other models will be taken 


up in Chapter 5 - 
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GHAPTuiR - III 


CaiADTTAl CHAMiiiL MODEL 

The gr ad iia.1 -channel model applies for the range 
of operation where the applied bias voltage between 
gate and drain does not exceed the pinchoff voltage V . 

In this mode of operation the variation of the depletion 
layer from source to drain is assumed to be gradual and 
current continuity in the channel is maintained through 
an appropriate variation of the drift velocity of carriers 
along the channel, the maximum carrier velocity within 
the channel being less than the saturation velocity. This 
asSTimption referred to as the gradual channel approxima- 
tion, is due to tihockley [1] and is valid only for long- 
channel JFETs which have the ratio of length If to the 
height 'a' of the channel large compared to unity. This 
simplifying step enables one to decompose the inherently 
two-dimensional continuity and Poisson equation into two 
one-dimensional problems, thereby permitting closed-form 
mathematical solutions. 

The following terminal characteristics are 
relevant to the gradual-channel model. 

i) Channel current Ijj as a function of 
?Gg and 
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ii) Input capacitance c. _ under common source 
configurati on as a function of and 

3.1. Jjb'iiT characteristics in gradual channel region 

figure 3 *l(a) shows the depletion regions in the 
gradual-channel operation of JfjiT. The parasitic tran- 
sistors arising out of the effects of substrate is shown 
in figure 3*1 (b). The drain-characteristics of the device 
has been obtaiiied both for constant mobility and field 
dependent mobility of the carriers in the channel. The 
present analysis has been carried out on the basis of 
constant mobility. 

3.1.1. Analysis of gradual-channel region with 

constatit mobility 


following the method of Bockemuehl [ 2 ] for a 
homogeneously doped channel one may express the drain 
current Ip as follows. 




L 


<1 tJ (a - h) h M q dh 


( 3 - 1 ) 


where the dimensions y^, J2 and ^ ly be related to the 
dimensions shown in figire 3 . 1 (b) as 


yp = yp’ + y- 
72 = 72' + y; 


t f 


f I 


.. (3.2) 


.. (3.3) 


h = h’ + h' ’ 


(3.4) 
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FIGURE- 3.1 JFET STRUCTURE AND PARASITIC 

ELEMENTS IN GRADUAL-CHANNEL OPERAPiON 
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Equation (3*1) may be expressed as 


zn. 


‘■D 




eL 


a 

2 


(y^ 


yf) 



- y^)] 

.. (3.5) 


It is evident from equation (3.5) that the channel 
current Ijj depends on the total depletion layer heights 
at the source and drain point which is a consequence of 
the gradual-channel approximation. There fo re » one can 
lump the distributed parasitic elements into two tran- 
sistors as shown in figure 3*l(c)- for evaluating the 
channel depletions y^^' * and y 2 * ' due to the effects of 
the substrate. The substrate-channel depletions may now 
be related as 


yi 


I t 



(5.6) 


^2 


r i 



(3.7) 


where and are the values of the current gains 

of the two parasitic transistors at thp source and drain 
ends respectively. The values of a^,g and are functions 
of the applied bias and respectively. The total 

depletions at the source and drain ends are therefore 
related as 


71 = (1 + apg) yi 

yp “ ^2 


(3.8) 

(3.9) 


where y^ and y^ are the depletion layer widths in the 
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channel due to gate-channel ^junction. Equation (3.5) can 
not be expressed explicitly in terms of the applied bias 
voltages and as the parameters a^-,g and are 
not knovm due to the reasons stated in section 2.1.1. 
However, an interesting relationship may be obtained 
from equation (3.1) as follows. 

The drain current Ijj may be expressed as [3] 

Id W dh .. (3.10) 

which may be split into the two integrals as 

X yu 

F(h) dh - / F(h) dh .. (3.11) 

Using the same notation for Ip as in equation (3.10) one 
obtains equation (3.11) as 

Id <’'Ga' = Id < 0- ' Id '^gs' 

.. ( 3 . 12 ) 

This relationship among the drain currents under different 
biasing condition is due to Wedlock [3] who has not 
considered the effect of substrate depletion. As it has 
been shown here, the equation relating the drain currents 
at different gate bias is also valid for planar JFfiT 
devices even when the effect of a floating substrate is 
taken into ccnsideration. The validity of equation (3.12) 
may be used to check whether the gradual-channel approxi- 
mation holds for a particular sample or not. It has 
indeed been found that among the samples tested in the 
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course of this work, none of the short-channel Ji?j-ils 
obeys the equation (3 •12) while all the long-channel 
clf’jiiTs satisfy the eqisa-tion. 

3.1.2. Test for validity of gr-adnal channel approximation 


A conventional setup for obtaining the 
characteristic of a JPBT for different valnes of can 

be used for this test. However, a pulsed I33 ~ 
characteristic is preferred in order to maintain the 
temperature of the device ccnstant and equal a 

the environment. The voltage to be applied between drain 

, ,, \r y ^ 0 f°r 

and gate should be in the range -*p \ GD ^ 

^ . A c\ ^ \r yv for P-channel devices 

n-channel devices and 0 <C.^P ^ 

So an a priori knowledge of pinchoff voltage p 

6 s s 6 n't i Q-l. • 


A plot of Id (V3S, T(jn) ® '’w 

any given value of Vgg oan Oe obtained by a graphical 

construction based on equation (3*12) -H a pi 2 

(0, atpertaentally obtained. This is illustrated 

in figure 3.2(a). The t/edlock test consists simply of a 
comparlscn of this computed plot of Ip (’’gs’ 


d. c=„vtstnpnt. The natures of 

the one obtained from actual measu 

j- n* fvViu nnel and a typical 

these plots for a typical long-channex 

t • u'nmi-rps 3.2(b) and (c) 
short-channel JPBT are shown in figures 


respectively. 
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3.1.3* Ghin-Ghosh. Model for Short -cliannel JFEfs 


Chiu and Ghosh [4] have pi'oposed a model for 
short-channel JFiiiTs operating in the prepinchoff region. 
The two-section model as proposed by them is as follows. 

i) The source section where the velocity of the 
carriers in the channel is less than the 
saturation velocity and 

ii) The drain section where the velocity of the 
carriers in the channel attains the satura- 
tion value. 


According to tie model, the drain current Ijj is 
related to the drain voltage ^D3 and the gate voltage 




k I 


Id = 




k 




{(-■^GS '^DS ^ - (-'"as + ] 

.. (3.13) 


where k and are given by the expressions 
s 


k = 


*^0 0 


+ v„ 
^0 0 s 


. (3.14) 


I = q IL azv_ 
s o s 


. (3.15) 
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Vg is the Saturation velocity of the carriers in the 
channel and is the magnitude of the threshold electric 
field for velocity saturation. Equation (3«13) may be 
written as 

^ [Vjjg - I - pj::: , ^ : / (-v^g + 

o Q 

where the equation (2.12) for g^ has been substituted. 

Let the left side of equation (5-16) be designated as 
E (Ijj, V'jjg* expects a linear relationship 

of P (Ip, ?pg, Vq^,) with respect to Vpg, whose slope and 
intercept on the y axis should be and ^ respectively. 

^Xg ©0 

With this idea, an experimental verification of equation 
(3.I6) has been done with a typical sample of short- 
channel JPET type 21T 3823. The values of and have 
been measured from the plot of g^^ vs V^g and obtained 
as 2.75 volts and 0.425 volts respectively. Table 3.1 
lists the experimental data, the value of P(Ip, ''ds- '^gs^ 
for each observation. V^g has been kept zero for all 


observations . 



TA BLE 3*1 
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P (Id- Pds- Pqs) 

0.4 V 

2.4 mA 

92.75 

0.8 V 

4*4 mA 

89.725 

1.2 V 

6. 0 mA 

87.662 

1.5 V 

7.0 mA 

85.83 

1.75 V 

7.5 mA 

86.56 

2.0 V 

8.0 mA 

85.7 


The table clearly shows that the plot of 
P (Ijj, linear with respect to V^g. 

The validity of the model is thus questionable and it 
has not been included in further deliberations. 


3 . 2 . Circuit parameters from gradual -channel model 

There are two conductances and one capacitance 
available from the operation of the device in this mode. 
The device parameter relationships as obtained through 
them are shown in the following subsections. 


3 . 2 . 1 . Conductances in the gradual channel model 


Equation (3.5) may be written as 


Ij) = go [V. ^ — - 


'DS 


rrv^ 




4. 2 

+ 3 




V Ifp + '^hl 


(3.17) 
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where the effect of the substrate has been ignored. The 
expressions for and are given by direct differ- 
entiation : 



Thus the values of g^ and 7^ may be determined from 
these two equations. 

3 . 2 , 2 . Input capacitance of JPBT 


The input capacitance of a JPiiT under common 
source is given as [5] 



.. (3.20) 


where y(x) is the depletion width expressed as a function 
of the distance x measured from source along the channel. 
Equation (5.1) and (3»20) maybe combined to obtain an 
expression for as follows (see appendix A - 1 for 

derivation) . 




°iss 



u| + U^Ug + u^ 

Ui + U2 


(3.21) 


where u^ and U 2 are the square root of the normalised 
voltages at the source and drain ends of the channel 


respectively 
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3»3« Device parameter relationships 

The following combinations of the device para- 
meters can thus be obtained from gradual -channel model 
for long-channel 

i) Open channel conductance g^ 

ii) Pinchoff voltage 

iii) Value of 

e zL 

It may be pointed out that due to discrepancy in the 
model for it will be preferable to use the model 

of Cg in the parallel-channel region where there is no 
ambiguity. Besides, the device parameter combination 

may also be evaluated from parallel-channel measure- 
ments with the knowledge of the pinchoff voltage and the 
slope of vs Vqq characteristics. Therefore Oj^gg is 

left out of further consideration. 

The expressions for g^g and g^^ involve g^ and V^, 
the two parameters already obtained from parallel-channel 
model. In gradual -channel model, these parameters are 
obtained only for long-channel JPETs with the help of the 
gradual -channel approximation, whereas no such considera- 
tion need be evoked for obtaining g^^ and V^ from parallel- 
channel measurements. Hence the value of g^ and 7^ will not 
be determined from gradual-channel measurements. Thus one 



observes that this mode of operation does not contribute 
towards any more relationships involving device parameters 
other than those already obtained from the parallel-channel 
model. However, this mode of operation does offer a method 
for ascertaining whether a device is long-or short -channel, 
based on direct circuit measurement. This test is applied 
to every JfET under consideration before proceeding with 
any post-pinchoff measurements in chapter 4. 


CENT 9 
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CH.lPTiiii - IV 
POUT - PIi\rCH OPi-' MOD 1 .LU 

Gradna3. channel behaviour of JPPT has been 
analysed with tho approximation introduced by Ohookley [!]> 
which allowed the ducomposit ion of inherently two- 
dimc'noioaal nature of the continuity and Poisson equation 
in two one-dimenvsional, problems. This gradual-channel 
ap i'Jxujximati on is no longer valid for JPdT operation in 
t.hc post-pinch off region. Hence, one has to employ 
nuraorical techniques for the solution of the two-diraensicmal 
coupled equations [2] outlined in Chapter 1. These 
numerical solutions are not directly useful in the 
construction of models due to their complexity. However, 
guided by these numerical solutions, several workers have 
attempted different approximations which have led to the 
development of a large number of models for the post- 
pinch off operation of JPpTs. All such approximations 
involve the three basic steps : 

i) partitioning of the entire channel into 
different regions, 

ii) solutions of the equations in each region 
within certain assumptions, and 


iii ) matching of the solutions between adjacent 
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regions through suitable criteria at the 
interlace . 

Ihe exact nature of each of these steps depends on the 
objective of the model and will therefore be elaborated 
in connection with the specific models considered later 
in this chapter. Table 4*1 lists some of the models to 
present a brief overview. 

The post-pinchof f region is by far the most widel.y 
used region of Ji'hT characteristics, the most common use 
beih-g in amplifiers. As such, a standard two-port model, 
shown in Figure 1.2(d) has been well-established for this 
mode of operation. The parameters of the equivalent 
circuits are : 

(1) g^, (li) (lii) (iy) and (v) 

The experimental methods for the measurement of most of 
these parameters are well-S:nown and the typical values 
of these parameters are also often published by different 
manufacturers. With the objective of the present work 
in mind, one should, therefore, consider only those 
physical models which yield reliable expressions for all 
or some of these circuit parameters in simple and closed 
mathematical forms. It may be added that one would look 
for expressions for the magnitudes of the measurable 

circuit quantities like Ijj, ^Dp 

of the different device parameters in the different models. 
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x3oth tlie (irebeuo-G,.iadhi aud oha Lehoveo-Killdr modeli> 
do .-satiJl'y these roqni reraeuts, thi* letter beifi^Tan 
Irapro'/cjment on the former. The Leho\re(;-Miner model has 
th,-; ativantage of being able to draw valnable inf ormat i 
from tile aocurabe nnmerical solntions obt'i.lned by Kenn.jdy 
and O'brLen f8j. an borne ont by the e'coe r imental meaf-n re- 
meuls ciLscnnsed lati.'r, the expressions for the olr(mit 
pax’ametijrs derived from tlie lehovecs-Mi 1 ler model are the 
best fits for the experimental valnes known to date. The 
m<'jdcl i-'rovides this r lat lonsliips betv^een ^£)g» in 

the post-pinchoff region which have been utilised in 
derivring the expressions for the different circnit 
parameters. Ai'ter a brief discussion of the Grebene- 
Gandhi model, therefore the Lehovec-Miller model is studied 
in detail for the purpose of obtaining relationships of 
the circuit parameters and the device parameters in the 
post-pinchof f operation of JfiiTs. 

In this context, it may be noted that both tl-ie 
models have been derived on the basis of gradual-clnnnel 
approximation, hence they are only applicable to long- 
channel devices. 

4.1. Grebene - Gandhi model [5] 

Grebene and G-^ndhi ha.ve considered a third region 
in addib.Lon to the two regions used by dhockley fl] for 
the graduali.— ''.‘d ''’nne 1 operat' on oj. Jfnf;? as gmO,*.'. in 
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4»1« In the conducting cltennel within this third 

region carrier velocity" is always eqnal to the saturation 

velocity irrespective of the lield within this section of 

the channel, ;ind channel current centime ity is maintained 

through generation of excess carriers within this region, 

a fact supported by the numerical solution of the device 

equations. The matching at the interface of the grad’^al- 

ch.-innel region find this region of velocity saturation is 

based on the continuity of the electric field along the 

ciuinnel* The drain voltage in excess of the pinchoff 

voltage V , appears across the space “Charge layer created 
P 

in the conducting channel, i.eading to the saturation of 
the drain current 

4.2. Lehovec-Miller model [7] 


Lehovec and Miller have pointed out the following 
inadequacies of the Grebene-Gandhi model: 

i) The fringing effect of the depletion layer 
at the drain end has not been considered althou^ the 
phenomenon is well“knoxvii from numerical results obtained 
through a rigorous solution of the basic device equations. 

ii) The excess carrier generation in the channel 
is arj.oumed without any consideration for the electro- 
neutrality of the ciia.nnel. 


Th'? mcdel proposed 


Lcihovcc .and Mii. ' 


t* tii . ' 
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figure- 4.1 DIFfERENT REGIONS WITHIN THE CHANNEL 
!N GREBENE - GANDHI MODEL 


Depletion region I Gradual c 

1^^^ Velocity saturatTon region HI 
ES23f"ringe region JYl 

Source Gate Dram 

, L_, 1_ 


>223 Gradual channel region H 



IGURE-4.2 DIFFERENT REGIONS WITHIN THE CHANNEL 
IN LEHOVEC- MILLER MODEL 



i.g 

Oi‘ ,1 i' )■ t li;';*.' ro;.<3ioii. withiu .'m; n i;.'; 1 -t:} r.h^-vVii la 

4.2’. I'h.i veloci ■..•i tu fat > ua oa of the 
(Ji’ebtiJirt- Ua,adhi model hao Hatemliai npto tlie e.^id of 

tiio on bl'u.; drain aide. Kor ■;;on o id ^ rati on ol' this 

c; lect.roat;i,t ic rrinj‘>;iit^ el'iVct, a 1 i •lo oh:lr^‘Te at this enti 
or the ir. assnrned. The dr,'tiaity oi‘ this lirio criai-i.ge 

h'io' bc.-en oalr;”l.'ited IhrO’ad' Ui^; m ;.t •I'l i ny or tlio elff'':trif 
L'if/ld at the iriteri'afo oI r.hf; vaO on i cy-s.'itti rat.’d and 
th'.' Irinyo ra/"dons. Tho ra ‘''ol the cleotr-o- 

.i.jiitrality or the gate-olian lai jnnc^LLon and the rejitiaal 
lihanriol in.dep'jniiontly , tiio la,ttc;i.* r.ipn ireineut givin/;; 
t'is.i to a dipole layer in i.Oe ruoio'aal chinnel riea,!’ the 
ir.aLn contact. 


'iho model provides liie I ol lo w i-ip'; expression i'o r 
tho potential di L‘rer..Mise >au-o.;s the velocity 
.,3a tn rated region and the fringe region taken together- 
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(4.2) 
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(4.3) 


D io tho extension of the deiaotion region beyond gate 
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Cl'S*-: 'J-i! ohown ill r'i^niro ].r unri ;c^ i: tlie leng;th of 
the o-ioti'in of the channel i’-'orn the noarce end to the 
point at the oneet of veloaity nainration. In other words, 
Xj 10 Lila dan^^th or the c^'nunal-chaiinel section, fho 
para.-iietor k in a dimension!] ec;,^ -I'Tini.tty iraolyin^i; the 
da-i,';f'ee of velocity oat’i:-ation in t]je conducting 

0 ;■■■( ;iMe 1 . io tile thre3h>'l.i electric field for velocity 
Got n rat ion . 


from eqnuti ons (4 . 1 ) and (4.2) it is obvions that 
tiio i.enii'th of the ve loci ty-m-hturated region (L - Xj) and 
tlfi length of the fringe rug, ion D depend on and 

not on tlio drain cnrreut 1^. 'L'he drain current is 

gi ven by 


Ijj ~ ^^o^ ^^ 2 . ’ * (4*4) 

w!iere is exprenoed as 

bfXi = f i7 [ 1 ^ 2 


.f. (4.5) 

w is the non-dimensional d«o]t*tion loy,.r height and is 


{. iven by 


w = 



+ \ ■ 
bi 


V, 


bi 


(4.6) 


It may be noted that althcmgh the expressions 
given above are somewhat involved, tiiey are in a closed 
matliematical form and are explicit in the sense that the 
magnitude of Ofin be computed for any value of by 
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iKjiri;!'; oqiiat j ons (4*1) to ( 4 . 0 ), provided the valnes 'jf 
th,} dwvioe parainetera II . a, z, L aad the value of v 

u S 

are kaown !;op:ether vjith that or qaing the onbliohed 

values of ^ [ 5 ] of 2112499, tliio procedure has been followed 

for computing the c ha raotoria t,i c oi' , against norma- 

lisel draiu cari'ent in the [JOu t-pinohof f region oho’wn in 

i;’i,‘';nro 4.3; the experimentally moasarod valnes of Ijj and 

V,.., for the same JkijiT are also indicated in the iigire 

clearly bringing ont the validity of the model. 

b, ic( L - ) 

Table 4.2 liets the values of — and ^r- — ^ 

cJL t^cX 

obL, lined in the course of th.j computiilion of for 

^1 

different values of . It in obvious from an examination 

a 

of the data that 

< 0.04 for ^ ^ 58 .. (4.7) 

and ^ ^ 

(1 - “) <^0.1 for <"6.0 .. ( 4 . 8 ) 

P ^ 

The inequality (4.7) permits equation (4.5) to be 
approximated as follov/s for the entire usable range of 
th(} device charOvCte rist ic s . Therefore, one may obtain the 
exf)res!;! ion 

bfXi f 1 - ■ 3 w^ -r 2 w^ ] .. (4.9) 

Equations (4.4) and (4.9) lea(i to the basic relationship 







[ L - 3vr + 2w^ ] . 


(4 . lO) 
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iiiqnation (4-10) will be wti’lieed in the rollox^inf* sec ti- 
to obtain expreaeions for the circuit parameters in tloe 
poc3t~pinGhoff operation of the device. 


fable 4.2 

b X , 

Computed values of ~ and 

cX ij Xj 


^‘or 2 N 2499 . 
P 


h. 

s, 

^1 

L 

1 

1 

1 

1 

- - 

V 

P 

0.0318 

0.998 

0.095 

1.531 

0.032 

0.991 

0. 096 

1.61 

0.033 

0.958 

0.116 

2.29 

0.034 

0.926 

0.165 

3.86 

0.035 

0.897 

0.248 

7.502 

0. 036 

0.869 

0.375 

15.73 

0. 037 

0.843 

0.564 

33.9 0 

0.038 

0.824 

, 0.753 

1 — — 

59.17 _J 


If one ne/.jlects the effect of fringing on the 
drain side of the gate, that is the extension of the 
depletion layer beyond the gate edge on the drain side 
is ignored, the quantity D is set equal to zero, Thexij^ 



one has tJie 


for low values or* V,. (V,. ^ 6,5 V"^) 

f p Dp p 

following; approximate expression 

fil (L - ) iiy .. (4.11) 

The expression given by equation (4.11) is identicfa with 
the ex|)reBsion obtained b.y Grebene .and Gandhi [5] for 
small valnes of applied drain-son roe bias beyond pinchoff 

4.3* Relationships betwe..'n devioo parameters and 
Circuit parjameters 

The relationships of the different cironit 
parameters in the post-pinchof f region of operation of 
JfnT have been derived from the Lehovec-Miller model. 
Rigorous relationships have been developed for each of 
the cironit parameters and have been approximated for 
the sake of comparison with the rei.uti onships obtained 
from other models. 


4*3.1. Mntnal condnctance of the JfoT 


The length of the gradnal channel section x^ as 
shown in i’igire 4.2 is independent of and the qnantit 


is independent of as shown in equation (4.10). 
Mntnal condnctance may now be defined as 


5Ijj 

8m = 



is constant 


(4.12) 


Bnbst it> 3 ting equation (4.10) for one obtains 



1 ^ ^ 


^ Xi d V ^-,3 


wheryfrom Lu given by 




X, b’ 

1 o 


(1 “ w) 




(4.1^3) 


(4 .14) 


Again anbstitnting eq’iat,i on (4.4) in (4.14) the following 
expreooion in obtained 


If, V + V,. 

b _ p bi 

TTi + 2^5TU - wT 


(4.15) 


I'he expreanion for ^ as given by equation ( 4 .I 4 ) is very 
close to the expression provided by Grebene and Gandhi 
as follows 

N qaz v„ T 

1 0 ds 

Equation ( 4 . 16) does not show the fnnctional dependence 
of on 7^3 which has been obtained in equation (4.14). 
The original model of Shockley also gives rise to an 
expression similar to equation (4.14). However, it may 
be pointed out that the model for the circuit parameter 
^ is not very well fitted to the experimental results; 
Middlebrook and Richer [9] have provided the following 
empirical relationship. 


■DS 


I (X - Z^)n 
DSS '' V ^ 

P 


(4.17) 


where the index n lies in the neighbourhood of 2. This 



empirical expressi'in has been t'onnd to agree with 
experimental results indicating an altogether different 
expression for g^. Moreover, the dependence of on 

as snggestwd by eqnatlon (4.15) does not folio v; the 
one obtained fr'Om opwation (4.17). Hence, it may be 
conclnded that the existing oost-pinchof f models for 
JliiT are not qnite competent in explaining the functional 
dependence of the ciconit parameter g^. besides, this 
parameter does not bring ont valwes for any combination 
of device parameters except pinch-off voltage, which 
may be obtained from other reliable models. Hence, this 
circnit parameter will not be pursued in future work. 


4.3*2. Incremental drain-source resistance r^^ 

Drain-source incremental conductance g^g may be 
defined as 

61 -r 


g, 


ds ~ 6V. 


DS 


V-,M is coxistant 


.. (4.18) 


It is known from equation (4.10) that 


d(Ij^ Xq) 


^ 0 .. (4.19) 


= constant 


so that, 


dx. 


dl 


^D d7- 


- X 


D 


DS 


1 d7j33 


.. ( 4 . 20 ) 


and as a result 




.. ( 4 . 21 ) 


is obtained with the help of equation (4.11). liquation 
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(4.21) may be farther approximated with the help of the 
ine quality (4.8) as 


"D ^ds 




(4.22) 


The equations suggested by Grebene and Gandhi for 
are given below. 


D ^ds 


^ 1^0 


Cosh 


7[(L 


Xj_) 


2a 


(4.23) 


)i(L - x^) 

aad IjQ r^g Ltii^ Cosh .. (4.24) 

A comparison between the eqmtions (4.21) and (4.23), 
and the equations (4.22) and (4.24) reveals the fact that 
for small 7^^, the equations are not different with 
respect to each other, provided the inequality (4.8) is 
obeyed. However, a near exact derivation for Ijj r^g for 
large from the equations obtained in the Lehovec- 
Miller model gives rise to the following expression. 

'n;(Ir-x, ) ■n;(L-x., ) 

“"ur~ f ^ — 25” 


(in Ooah g + S If} 1 •• 

liquation (4.25) may be approximated in the form of the 
eqixation (4.23) for small values of . The validity 

of the equations has been discussed further in section 

4 .1 
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4.3.3. Post-pinchoff capacitances in JPiiT 

The presence of a dipole layer dne to space- 
charge aocnmnlation and inversion within the residual 
channel has been obtained throng the numerical solntion 
[8]. lehovec-Miller model has provided a first order 
differential eination for calculation of this channel 
space-charge at different bias voltages. The equation 
is not integrable in a closed mathematical form. On the 
otlier hand, field plotting for evaluation of the capa- 
citances within the depletion region and the residual 
channel is a fairly involved task as it leads ultimately 
to root evaluation of transcendental functions near 
singular points. So, modelling of the capacitances of 
JPjiT in post-pinchoff region is rather difficult. However, 
a. navel approach has been found to be helpful for 

this purpose and is described below. 

The capacitances of the usual three terminal 
JPHT device are three in number . The two capacitances 
arising out of the depletion laven charge between gate 
and channel are defined as c^g and capacitances 

between gate and source and gate and drain terminals 
respectively. The other capacitance c^^ is due to the 
accumulation and inversion of the space-charge within 
the residual channel and is present across the drain 
and source terminals of the device. The capacitances 
and their inter-connections have been shown in Fig. 1.2(d). 
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It may be noted that c_ and c , are the two capacitances 

gs ga 

which are formed dne to the presence of a single gate- 
channel depletion layer*, one has to evolve a criterion 
snch that the total depletion layer charge may be divided 
into two components dependent on and respectively, 
fhen one can define 


6Q 

°gs 6V^ Vgp is constant ** ' " 

and 

°gd SVgjj is constant ** (4*27) 

figures 4.4(a) and (b) show the excess charges 6Q„o 

6Qg^ due to small changes in 7^ and Vq-q respectively. 

figure 4.4(c) shows the entire depletion layer charge 

Q and the associated dimensions for its calculation. 

S 

Q may be expressed as 

O 

Qg = [a (L+D) - ^] b^ .. (4.28) 


where b^ is the residual channel height at the source 
end and may be expressed as 

b^ = a(l - w) •• (4.29) 

whe re w = 

is the non-dimensional depletion layer width at the 
source end. from equations (4.2) and (4*5) it is obvious 
that the quantities D and x^ do not depend on 






i-L-Xi- 4Dh 


(c) Total depletfon layer charge within the depleted 
channel and the dipole layer m residual channel 


nr iiDr - A 
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whereas depends on likev/ise,D and depend on 

7^13 whereas is independent of 7 ^ 33 . Therefore, one 
may obtain expressions for and c , as 


c 


es 



6 b 

6V 


0 

GiJ 



constant ** 


(4.30) 


and 


6Q 


6Xn 


'gd 


6 x 


1 


5V, 


GI). 


^02 = constant 


( 4 . 31 ) 


Equation (4.30) may be rewritten after the necessary 
substitutions and simplifioat j ons as 


2 e z 

°gs ~ aw 


( 4 . 32 ) 


Combining with equations (4.4) and (4.5) one obtains 


(V^bi^V " 5w2 + 2w"] 


'gs 


6 wl 


D 


( 4 . 33 ) 


which may be rewritten as 

> 

-Sr 


L2 ~ 2 


'gs 




W 


3 w + 2 w^] .. (4.34) 


where g^ is the open -channel conductance. 

SOjCgg is independent of for given values 

of Yqq and Ijj. Table 4.3 shows this independence as 
well as the dependence on 
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TABLiii 4«3 

li] xpe rim ental data for ( Sample 2 II 249B ) 

0° 


volts 

Ip in mA 

c in of 

gs ^ 

o 

* 

CM 

1. 0 

8.05 

4 . 0 

1.0 

8. 05 

7.0 

1.0 

8. 05 

4.0 

2.0 

8.46 

4.0 

3.0 

8.68 

4 . 0 

' 4.0 

8.82 

4.0 

5.0 

9.00 

4.0 

6.0 

9.12 


The plot of Ijj Cgg against ( ^ - 3w + 2w^) is shown 
in Figure 4*5* The plot is almost linear. 


An expression for may be written from 


equation (4*31) as follows 


'gd 


N^qaz [ 


dx-, 


D - 


2a 


1 


dx^ 


dV- 


Dp 


(4.35) 


one can use equation (4.1) and (4.2) for obtaining the 
derivat iJ#-es required in equation (4.35). Thus, an 
expression for may be developed, but its functi'^;;!! 

d(!pendence on can not be separated from the device 
parameters. Table 4.4 lists the experimental data for 




Sample - 2N 2498 
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FIGURE- 4.5 PLOT OF Iq Cgs Vs(-^--3w + 2w 
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variation oi' aid I^, (co noeo uantly 

It iis intereating tO note that has a very vreak 
dependence on bnt it obang()S with chrange of V^q. 

This ensnres the previons assumptions in its derivation. 


TABLB 4.4 

Experimental data for (Jarnple 2IF 4393 ) 


V'pQ in volts 

in mA 

<=gd p* 

0 

• 

eg 

1.0 

5.5 

3.0 

1.0 

4 .78 

4.0 

1.0 

4.38 

5.0 

1.0 

4. 00 

6.0 

1.0 

KO 

GO 

• 

7.0 

1.0 

3.62 

6.0 

0.2 

3.80 

6.0 

U.4 

3.78 

6.0 

0.6 

3.76 

6.0 

1.2 

3.75 


is not a circuit parameter of interest for the 
]. resent work and therefore the expression and its 
experimental validation has not been pnrsned. 

Misra and Prasad [10] have evolved an over- 
simplified model from Grebone-Gandhi model for the 
drain-sonrce capacitance According to them the 
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variation of a space~ch,ari'je in the residual ch”rii:el, due to a 


change in applied drain-source bias is the of this 

capacitance. But, in formulation, the portion jf the channel 
bounded by the length from the source anu 1 ae drain end h'-s 
been assumed by Misra and Prasad, where the charge density due to 

the .gate-channel depletion layer has been considered as shown in 

cows Idercd 

Figure 4.4(c). Further, they have improperly ^c^^ as a parallel- 
plate capacitance with area 'az' and distance L-x^ , which indi- 
cates that c^g is caused by depletion layer charge. According to 
their treatment,* 


'ds 


eaz 

L-x 


(4.36) 


where (L-x^ ) is again substitute;' from Grebene-Gandhi model. 
The final form of the expression for c^^ as obtained by them 
is given below : 


%tz 


'ds “ , itV, 

2 . inh 


(4.57) 


A further simplificatio . imposed by them for | l«''p 

yie.lds 


'=(■; 


Tiez 


TtV 


(4.38) 


2 In (r^^) 


a.F, 


mV. 


Hence a plot of against In should yield the value 

aE„ ds ■ ^ ^ 

of In (“Y“) as intercept on y-axis and z as the reciprocal ot 
P ■ • 

the slope. 
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Eqijation (4»38) does not appear to be -iaiie 
correct due to tho violation o£ the basic property of 
electronentrality over a dipole layer giving rise to 

capacitive effect in a circnit. Therefore, the model 

1 

is rather unreliable. 


4.4* Experiment fil raoasareiaent of ci’cnit parameters 

Poyt-pinchof f measurements of circnit parametei’s 
are not very simple dna to the fact that the circnit 
parameters are to be measured as per their definition. 
oo, incremental measurements are required for each of 
the parameters. In the following subsections, the 
techniqne of measurements developed during the conrse 
of this work are presented. 


4.4.1. 


Measurement of r 


ds 


Equation (4.24) may be rewritten as 








Dp 


2a 


y 


(4.39) 


This equation suggests that a plot of (Ij^ against 

T" 3l 

^ shonld be linear with a slope of -- — 5- . An 
■Up ^ 4a^ 

experimental verification of the relationship has been 
carried, ont by the measurement of r^^ as described below, 


The measurement in the pos t-pinchof f region calls 
for a considerable power dissipation within the device. 
In order to ensure that the temperature of the device is 





the same as the ambient tempjratnre a pnlsed measurement 
has been done. The set up for this experiment is shov/n 
in figure 4.6 which permits the pulsed measurement of 
^D- '^D3 and This arrangement is adaptable to both 

p and n channel JfiiTs with a simple changeover switch. 

The scheme incorporates the following basic 
circuits : 

i) Chopped d-c biasing circuit, 

ii) A summer for the small signal a-c and the 

drain bias voltage with a current booster, 

ill) A chopped voltage source for measuring the 
pulsed bias current, 

iv) Injection of a small signal a-c voltage for 
measurement of the a~c small signal drain 
cur re nt , 

v) A gate used to chop synchronously the signal 
fed to the oscilloscope and 

vi) A driver for the synchronous shunt switches 
used for pulsed biasing. 

The driving pulse is obtained from a programmable 
pulse generator and its pretrigger output is used to 
synchronise the oscilloscope and to generate a gate signal 
for a synchronous chopping of the signal fed to the 
oscilloscope. The oscillosc ope^ Tektronix model 547, is 



iM4393 



FlGURE-4.6 CIRCUIT DIAGRAM FOR PULSED MEASUREMENT OF 
To > Vos AND 





79 


n.sed as a null detector. The synchronous chopper uses 
the opamp A2« The pnlse drirer uses the transistors 

and and the drain bias voltage is chopped with the 

shnnt switch nsing transistors arid Q2* The d-c drain 
current measurement circuit uses transistors and 
as a shunt switch and a variable d-c voltage is fed with 
a proper polarity at the input of the current booster 
with opamp The opamp A^ sums the chopped bias and 

the small signal voltage and feeds through a current 
booster to the drain terminal of the device Tinder test. 
The small signal a-c current through the device is 
measured by the injection of the same a—c small signal 
voltage at the inpTit of opamp A2 through a calibrated 
attenuator. In order to obtain a base line in the 
oscilloscope display, the synchronous chopping is 
necessary so that the small signjil a-c voltage component 
sitting in the space between two successive pulses does 
not overload the vertical input of the oscilloscope. It 
is interesting to note that this setiip is also adaptable 
for continuous measurements when the pTilse generator is 
replaced by a d-c voltage source of appropriate polarity. 

The experimental plots for a typical sample at 
five different temperatures are shown in figure 4 - 7 (a). 

It may be noted that while the plot is indeed a straight 
line for ^ 27 ^ at each temperature, the variation 

of the intercept with temperature is much more than the 
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expected variation of 

.The computed values of r^^ according to the 

equation (4.24) given by Grebene and Gandhi and ( 4 . 25 ) 

are shown in Figure 4 . 7 (b) with different applied bias 

voltages. The experimentally measured points are also 

plotted for eoraparison. From the plot, it is quite clear 

that equation (4.24) holds for small values of the 

voltages in excess of pinohoff whereas equation ( 4 . 25 ) is 

valid over a large range of applied bias. This also 

conforms to the nature of variation of I,, r, „ as obt:iined 

u ds 

from Grebene~Gandhi model. 

4.4*2. Measurement of g^ 

Pulsed measurement of g^ is accomplished with a 
minor alteration of the setup shown in Figure 4 . 6 . The 
d-c small signal is removed from the input of the opamp 
. The gate is connected to a d-c bias and a superimposed 
small signal voltage with respect to the ground (the 
source being connected to the virtual ground of the 
opamp A2). The rent of the scheme is as before. 

This measurement has not been pursued due to the 
contradictions within the model for g^. 

4.4.3. Measurement of and Cg^ 

Pulsed measurement of Cg^ and Cg^ are difficult. 
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h.i-nce only continuous bias rciwasnroraents are carried ont. 
It may be mentioned that this measure meat I’eqaires a 
capacitance bridge with a provision for a guard terminal. 
Boonton capacitaiice bridge model 74C has the facility of 
three terminal measurements and hag been utilised for 
the purpose. Biasing of the device hras been achieved 
tViroiigh the nae of an adjustable cnrrent source with a 
Very high ontpnt impedance. The experimental data has 
been plotted in Figure 4.5* 

4 . 4 . 4 . Measnrement of 


Measurement of is rather difficult 

continuous bias due to the following reasons. 


even under 


i) The magnitude of this capacitance is quite 
small compared to the other capacitances viz. and 

c , . . Otherwise, the cutoff frequency in the common source 
configuration of JFETs would have been decided by this 
capacitance. 

ii ) Measurement of such a low capacitance in an 
active device like JFET is not even possible through a 
direct replacement tvpe of measurement asing standard 
variable air capacitor in a resonance type circuit due 
to the presence of the giiard terminal in the standard 
capacitor. The scheme suggested by Misra and Prasad uses 
tnis resonance technijue with direct substitution at a 



1 


i J 


1. 1 ' !on cy I'itj low cts 200 kiiz. ’/iiicli , 

qnt.i3t ioriable. 


iii) A dlruct bi'icit^o meau-u'riiao.'it ol thiB nirrinit 
p^,fametor io alco not oaoy rlie to chancos of osci’llation 
aii J intitabil ity in the meauin-j-iumt oi ander aoramoi 

gate ooii Cignratlon at the chooen ireqaency where the 
aeoiiracy and the resolntion oi the measnrement is sorno- 
wh'jt reasonable. The ■■Iternntive process oi a two step 
mt; asnrement with a commercial /ill admittance bridge e.g. 
i/ayne-Kerr model ii 803. is also not ma.aninginl in the 


Sense that the valne of 


obtai:ied as the diifere 'icj e 


oi the meaonremonts oi and ■’rnder the same 

OSS res 

biasing conditions, incurs an r-'reciab I e error dne to the 
s,\jtematj.c error of + 2.5 pf along with a resolution of 


0.5 pf of the instrumiint. 


The technique adopted for this measnrement requires 
a voltmeter with very low inpnt capactitance e.g. IIP 
moiel 8405A vector voltmeter, and a neutralised amplifier 
wlure the device nndei* test is the only active component. 
Tile set np is shown in i'igoro 4.8. The O’ltpnt amplified 
voltage is measured with the help of this voltmeter. 

The nent ralisat ion cancels tl^e feedback efiect of Cg_^ 
and tne residual resistive feedback factor is very small. 
Under such conditions the innut and the output ports 
0 / the Oi)mmon source amplifier are practically decoupled. 
iJow, the frequency rerspouse of the amplifier, neutralised 








-1.0 -0.5 0 0.5 

In Vdp/Vp 

FIGURE- 4.9 ^92Cds 
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a faithf’il deterini nation or tiu? device parameter 
relationship from its inea^inrerrient. Therefore, this 
circuit parameter is left ont for farther con siderat i on 
due to lack of r(;liable expressions. 


The drain-soarce capacitance c,,^ is deleted from 

Cl b 

the list of post-pine hoff circuit para!net«;rs as the 
model if? not reliable and tne scheme of meaonremait, 
although quite sophisticated is not ar c’lrat e enotigh for 
the present parpose. 


The expression for as given by eqaati on 
(4.;il) involves a namb^jr of anxillLary parameters e.g. 

k etc. and is not very mach s>7itable for the present 
purpose of determination of device parameter relationships 
frern terminal measarement. So, this circa it parameter 
also is not included for further conside rati on. 


The remaining pos t-pinchof f circait parameters 
of the device are listed below along with the relation- 
ship among the device parameters obtained from their 
measaremen ts. 


i) 

ii) 


a 


, Lti from In, r , 

, xxv/m xjj 


g ^ 

^ " ii’ irt 


from G 


gs 


The actaal procoduise for atillsing these reiat Lonsh ip s 
has been taken ap in chapter 5. 
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DRTiiRMIMTIOiM OR DiWOii P At-iiii'L:, f d-RO 

The objective of the present aork, as O'ltlliifjd 
in Chapter 1 is to find out a inelhod for deterra.i nat j on 
of the device parameters of a JR^T from the meacnrem-jn i 
of its circuit parameters. The terminal characteri-it ici: 
of a JRjiiT in the parallel-channel, gradnal-choniiel an'; 
poat-pinchof f regions of operation have been inves ti 
in ChaptersP, 3 and 4 respectively, leading to the 
definition of various circuit parameters. The number of 
circuit parameters thus defined is more than the number 
of device parameters. The z'.emaining problem, then is 
to identify a minimal set of circuit p/arameters from tb' j 
possible 'adequate* sets which are sufficient for 
obtaining a uniqtie solution of the device parameters. 

The necessary methodology is developed in the next section, 
followred by the actual evaluation of the device pararaoto ’'b 
from terminal measurements. 

5.1. A method ologtr 

One has to start by considering the expressions 
for various circuit parameters in the parallel -channel , 
gradual-channel and post-pinchoff regions of operations 
as summarised in Figure 5.1. It may be observed that the 











measnred circuit parameterc are related to the bias 
voltages through algebraic expressions involving th.,' 
device parameters (N^, a, z and 1) and a few inte rmed Lo t e 
parameters (g^, V^, and S^) which are functions 

of the device parameters. The values of the intermediate 
partiijieters as well as some of the device parameters can 
be conveniently determined, as already pointed out in 
earlier chapters, froa appropriate plots of the measured 
circuit pararaetej's against bias voltages. Certain 
combinations of the device parameters, are directly 
obtained in this manner from the measurement of a s ingl e 
circuit parameter and are listed in the last column of 
I'igure 5*1. 

The primary question to be answered now is wnether 
the device parameters can be uniquely determined from 
any one of the three models of Jr’lT. As indicated in 
figure 5-1, the paral lei -channel model is capable of 
providing values for three combinations of the device 
parameters. Thus, one more relationship is necessarv. 

It has been established in chapter 3 that the 
gradual-channel provides the same information regarding 
device parameters as obtained from the parallel-channel 
model whereas the theoretical basis of the gradual- 
channel model is less reliable. Thei’efore, for the 
present purpose the consideration of the gradual -channel 
model is ruled out and the possibility of its utilisation 





will not be directly pursued any ether. 

The post-pinohof f circuit parameters on the other 
Viand do lead to a clear cut procedure for evaluating the 
device parameters as shown in the flow ckirt in 
Figure 5 •2- Therefore, it may be cone bided that the 
device parameters may be evaluated either from the 
post~pinchoff circuit parameters or from a set of circuit 
parameters selected from both the paral lel-channel and 
poot~pinchof f models. It may be noted that this limita- 
tion will not permit the metnodology developed here to 
be applied to short-channel devices which lack any 
accepted model for gradual-ciiannel and post-pinchof f 
regions of operation. 

The next question is how to select a set of 
circuit parameters for the solution of the problem. The 
answer is dependent on two factors : 

i) accuracy of the measurement of circuit 
parameters and 

ii) the mutual dependence of the relationships 
to be used. 

A look at Figure 5*1 now reveals that there are altogether 
four circuit parameters a,vailabie for measurements in 
the par a V. lei— channe 1 and post— pinchof i regions oi 
operation of the device. 
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Jj'rom the measurements of these four circuit 
parameters one obtains the following combinations of 
the device parameters : 

(1) gg, (ii) V , (iii) zLfW^,, (iv) J , 

(v) Lh and (vi) — 

Of these six, lE^ is excluded because of the unreliabilitv 
of the intercept in the ( Ijj plot as 

mentioned section 4 *4 . 1 • An attempt towards the selection 
of the possible 'adeqtiate' sets from the remaining five 
combinations is presented in the following section. 

5.2. Selection of the set of circuit parameters 

In order to detenniiie the device parameters which 
are four in number, one woui i d need a minimum of four 


equations 

. The previous consideratl ons show that 

there 

are five 

such equations ava.il abie 

as given below 

» 

m 

i) 

^o<l ^io a z 

L “ 

# • 

(5.1) 

ii ) 

JJ^qa^ = 

• * 

(5.2) 

iii) 

N^q(zL)^ = 

* * 

(5.3) 

iv) 

a 4 


(5.4) 

v) 


« » 

(5.5) 

wh ere , 

k^, k^, and are th 

e experimentally 


determined values for tlj.e combination of device 
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parameters shown on left side of the equations (5.1) 
to ( 5 . 5 ). 

Before one can proceed further, it is essential 
to examine the mutual independence of the set of these 
five equations. It is easy to show that 

ki = kj .. (5.6) 

I'rom equation (5.6) it is clear that equation (5.4) is 
independent with respect to the remaining four equations. 
Therefore, an independent set of equations can be 
considered with equation (5*4) and any three fron the 
rest. 'Equation (5*5) is dropped from the set because : 

1 ) This equation is obtained from the circuit 
parameter c „ in the post-pinch off region of operation 
of di'ET where the model is less reliable and 

ii) the measurement of e mder pulsed biasing 
is not accurate and leads to errors. 

This leaves four independent equations involving the 
four device parameters, the corresponding measurements 
being those of and r^^. 

Determination of and 7^ + can be carried 

out from the measurements of either vs. 7^ in the 
parallel -channel or vs. 7^^ in the post— pinchof f 
region of operation of the device. As has been pointed 
out in chapter 4, the model for g^ is not accurate due 
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to tile number of approximations in the model. Thns one 
is not snre about the accuracy of the values of and 
obtained from this post-pinchoff measurement. 
Moreover, poat-pinchof f measurements require measurements 
under pulsed biasing condition which is also avoided by 
this choice. Therefore, measiireraent of parallel -chanriel 
drain conductance has been chosen for the determina- 
tioia of these two parameters. 


5 . 3 . Method of solution for device parameters 

The method of solution using equations (5.1) to 
( 5 . 4 ) is given below. 


From equations (5.2) and (5.3) one obtains 



iiiquations (5.7) and (5.4) directly yield the value of z : 




'‘ 4 - 


( 5 . 8 ) 


Substituting the values of z and — from, equations 
( 5 . 3 ) and ( 5 . 4 ) in (5.1) one obtains 

/ ^2 

"o'! '"o “ h ‘" 4 ' * £7 


( 5 - 9 ) 


The product term N^q is thus obtained. The value of 

S is determined <by using the empirical relationship of 

0 . - 

Oaughey and Thomas [1] 
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U = U . 


1 + ( AT _ / 


(5.10) 


where the valijeo of ^min 

in table 5.1. 

TAMik-^ 


n . , N „ and a are given 
^min’ ref 


Canghey-l'hofflag re 


lation between iJ and M-, 


Type of 
impnrity 

b ^ 

' max 

cm^ /V-sec 

b j in 
cm^ /V-sec 

•^ref , 

in atoms/m'^ 

a 

P 

495 

47.7 

21 

b.3 X 10^"- 

0.72 

If 

1550 

65 

8.5 X 10^^ 

0.16 


utilising equation (5.10) «ltli snitablo valnes picked np 
fro., table 5.1, Po s^,bstltnted in terms of In the 

expression for Po- 

solution Of the single-variable nonlinear equation. The 
knowledge of allows 'a- to be obtained from eq..ation 
(5.2)f 1 is then determined from equation (5.4). Thus 
all the device parameters are nniqnely determined from 
the measurement of the circuit parameters gQ, p bi 
Cg and r^g. 

5.4. ExperiTnental resnlts 

The experiments have been condncted on commer- 
cially packaged Jl'hT devices. The packaged samples are 
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so chossn as to encompass the entire spectriim of oircnit 
applications using JFETs. She types of sample with 
their respective areas of applications are presented 
below : 

i) 2M393 ~ If channel low resistance analog switch 

ii) 2N3331 - P channel analog multiplier and 

modulator 

iii) 2W2498 - P channel general purpose amplifier 

iv) 21H3d23 - if channel low capacitance tJHP amplifier 

v) 2If44l6 ~ N channel hi^ conductance UHH' 

amplifier and oscillator 

vi) BFW 11 - N channel general pxxrpose amplifier 

Before one undertakes the measurement of the 
selected circuit parameters for each of these JPETs 
one must ascertain whether the device is long~channel 
or short-channel. As pointed out in chapter 3, this is 
conveniently done by means of the Wedlock test. The 
circuit parameters are measured only for the devices 
which satisfy gradual channel approximation as indicated 
by this test. The sequence in which. the measurements are 
done is as follows : 

i) g^Q (which gives the value for Vp and 
required for the Wedlock test), 


ii) Wedlock test 



lOL 


iii) c, and 
S 

iv-) last tv;o measurements being done 

only for long~channel Ji’iiTs, 

5 . 4 . 1 . g^f and from measnrementa of 

Measurements of open channel condnctance g^ 
and pinchoff voltage 7 have been carried ont for the 

ir 

samples as described in chapter 2. The plots of g^^ vs. 
^GS shown in I’igure 5.3 (a-f). Table 5.2 presents 

the values of g^ and each of the samples. 


TABLi!; 5.2 

Vp + and g^ from measurements of 


Sample 

Pinchoff voltage 

7 + Vv-! in volts 

P Di 

Open channel 

condnctance 

g in mho 
°o 

2W393 

1.01 

18.2 z 10”5 

2Fi331 

3.95 

3.42 X 10“^ 

2IT2498 

3.22 

3.6 X 10 “^ 

2113823 

3.15 

7.63 X 10 “^ 

2W4416 

2.55 

7.34 X lO-^ 

Bl’W 11 

2.98 

8.7 X 10~^ 
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FIGURE- 5.3(C) X- Y PLOT FOR DETERMINATION OF Vp,V5i.Go. 
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5 •4* 2. Wedlock test 

The plots of vs. cii-iracteristics obtaiued 
nndor pnlsed biasing in the pre-pinchoff region of 
operation are presented in Figjre 5.4 (a - f); the 
characteristics of the JFJiTs 2N4393, 212498 and 2K53:n 
obey the gradual channel approximation whereas the rest 
do not. 

Although pnlsed measurements have been done for 
this test, the experiments with continnons d-c bias 
have been found to yield identical results. 

5.4. 3* Measurement of c_ 

e 

The measurement of parallel ~c ha nne 1 capacitanco 

c„ has been done as disciissed in chapter 2. The results 
S 

are plotted in graphs, with as ordinate and the bias 

voltage (0 < I'fssl < Vp) as the abcissa in 

J‘'igures 5*5 (a - c) for the samples qualifying the 
V/edlock test. The plots are nearly straight lines. The 
results obtained from these plots are presented in 
table 5.3. 

TA BLE 5.3 

N q(zL)^ from measurements of c . 

o ^ 


Sarople 

.i'if^q(aL)* in coulomb-cm. 

2fJ4393 

2N3331 

2112498 . 

5.76 X 10"^° 

6.57 X lO"*^® 

1.56 X 10“^° 
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FIGURE- 5.4(c) WEDLOCK TEST 
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FIGURE- 5.4 (d) WEDLOCK TEST 
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^©asuremeii t of ^^3 rMr** 

results are plo'tted in iigiires 5-6 (^_.(. j 

mentioned in chapter 4 - ^The slope of the characteri-, t i 

^ds)" ^rs. ,i 2 v ^^2 gives the valve of 

is independent of channel Impnritj concentration, fhe 

slope of the characteristics is a weak function of 

temperatu,re vhereas the intercept changes appreciably 
with temperature . fhe parameter LE^ obtained from the 
intercept has not been considered due to this reason. 
The results of the test at room temperature has been 
presented in table 5 » 4 » 

ta ble 5-4 

Values of “ measurements of r ^ 

u S 


r Sample 

1 i ■^-“-7 

1 a 1 

21^ 4593 

1 9.26 1 

2ir 3351 

I 10.33 

2N 2498 

12.0 1 


5 •5* ^eterminati on of device parameters 

The results are tabulated in table 5.5 for the 
three samples satisffi^^ gradual channel approximation 
These dimensions and imparity concentrati ons are the 
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effective' stnxcttjral and material parameters of these 
JF£Ts. The validity of these parameters are discussed 
in the following section. 

TABLJi;' 5.5 

Device parameter val^ies 


Sample 

atoms / m^ 

a in 

pm 

B 

z in 

mm 

2E 4393 

4.5 X 10^° 

1.71 

15.8 

17.85 

2E 3331 

6. 0 X 10^^ 

2.93 

30.0 

8.64 

2E 2498 

1.5 X 10^^ 

1.67 

20.0 

4. 0 


5.6. Gross-checks 

As has been discussed earlier, the device 

parameters determined above are 'effective parameters', 

so the validity of the results has to be established by 

direct measurement of other circuit parameters which are 

evaluated from theoretical expressions using the values 

of the device parameters. The circuit parameters c._^ 

and have been Tjsed fcrr tliis verification. While 

gs 

judging this validity it must be borne in mind that tte 
concept of effective device parameters will always lead 
to certain percentage of error in calculation of any 
intermediate parameters or the circuit parameters. This 
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is acconntable to the inherent approximations in the 
Inmped model and the degree of accuracy of the model 
from which the parameter is calculated. 


The circuit parameters which have not been used 
in the evaluation of the device parameters are the ones 
to be utilised for the purpose of cross-checking the 

V 

values of the device parameters. A look into the Figure 5.1 
shows that the circuit parameters c._„ and are the 
parameters left unused. In the following subsections the 
results of the cross-checks with the device parameter 
combinations obtained from the measurement of and 

iSo 

are presented. 

go 

5.6.1. Checks with measurements of 

It has been pointed out in section 3.2.2. that 
the parameter may be expressed as 




c . e aL 
iss 


[1 - f (u^, Ug)] 


(5.11) 


The form of the eqmtion (5 .ll)remains unaltered 
irrespective of the assumptions of either constant 
mobility or field dependent mobility. For the present 
case the field dependent mobility has been considered 
for the function 


f { 111 , 112 ) = f 


(u| + Uo) + Uo) 


11 


1 

T + Ut U^ + U 


'1 2 


(5.12) 
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This opinion is primarily iijg to the lact that the 
field velocity characteristics is linear over a small 
range of values of the electric field [2]. The electric 
field in the residual channel varies over a wide ran^^e 
even in gradnal channel operation. This justifies the 
suitability of the equation (^.i 2 )for the purpose. The 
lower value's of f (n 2 _» ^ 2 ) lead to the operation of tiie 
device nearer to drain-cnr rent satnration. oo the 
tendency towards violation of the grain al channel 
approximation is more. For this reason the slope 01 
the characteristic as shown in Fig^ire 3*3 is ntilised 
rather than the intercept on the ~ — axis. The valnes of 

T ■ . > 4. 

— * obtained from the measnrements of c^ „ different 
bias are compared with the ones compnted from the 
calculated values of the device parameters. The result 
is presented in table 5.6 and the plots of equation (5-11) 
based on measurement are shown in Figures 5*7 (a ~ c). 

T AB^ii 5*6 
Comparison of ^ 


Sample 

Oompnted value 

Of si 

a 

^ obtained 
a 

from Cj^gg 

2N 4393 

1 

O.I 65 m 

0.165 m 

2N 3331 

0.0864 m 

0.123 m 

2h 2498 

0. 048 m 

0.0843 m 
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Sample- 2 W 4393 





FIGURE- 5.B(a) PLOT OF Ip Cgs Vs. (-^ -.3w-V2w^) 
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FIGURE -5.8(b) PLOT Of Ip Cgs Vs. — Sw+aw^) 




FIGURE “ 5.BCC) PLOT OF I q Cgs Vs. (^-3w + 2w 
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An examiaatLon of the values presented in 
table 5*8 shows that the discrepancy between the 
calculated and experimental values of the device 

1^ g ^ 

parameter combination is wide. However, the 

Xc: Pq 

agreement within the order of magnitude is obtained 
for each of the samples. The cause behind this discre- 
pancy is likely to be accountable to the fact that the 

measurement of c has been done under continuous d-c 

gs 

bias in the post-pinchof f condition. So, the amount of 
power dissipation within the device would have raised 
the temperature to a value higher than that of the 
ambient. Hence the value of the current and the 
value oi c have suffered an appreciable change. It 
may b© recalled that c has not been considered as a 
circui-t parameter for the determination of the device 
parameters in section 5.2. 

In the next chapter a few suggestions about the 
mprov'ement of the present method together with the 
nicli*ding remark are presented. 
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A '".hoJ h'ln b'',en, oiri, Ijnrid for :ior of tf-' 

geo;)i': r, - i. 'i j ?5 fi(J Jito toj.' 1* 1 1 u.'i I oro oj' rror-i thf 'ce -•{ iiu -^T'd 

vnliujs of i;o:.ir cj)’CMlfc of t’.<? ,! fk? 

(.diirr ( .1 ) jn ralieJ-chMiviof, (ii) .'’'r’-diiiM <■.*<'' { 5 > i, ) 

{\lfd’.,:ho i'i’ incdftlr! of 0|H-‘rot,ion ii':vo heon i’r"i of •'/ ] ►v -v' n 

•■let of iovli.'ible rolo !■; jorKihipn be'tweon tite drjvicv; on i tdio 
cii‘Ou:it parameters. The paraliei-channel inuael whi'.*}! 'oj.'lii'oi 
equally well both for long- a.Jid short-cJiannel JFhTf! }ias been ; 
.round to yield three such relatio,riSli.ipo : | 

(i) the open chonriri eondactance 

{3:1) the pj.nchoff voltage V , and I 

P : 

the reverae-bins gato-o.hannel cojiaci tancio ; 

It }rK5 bO'fui orae.rved Inat the gradual-channel roodeJ. in not ’ 

o.aprib,le of farninhin->'’ a-ny additional in.formn.ti on i-og-arding j 

dev j. CO paratno tens . T!ie fourtfi indepc.'ii,.tetifc c.1rcuj.t parameter | 
.hriB been idc/i i Tied au tlio increifH.'uta I drain'-aource co?\d!.ictanoe 

in tl'ie i»oct-pinohorr ope:ration.. j 

1 

Tfio riK'' t.hoaology lo reatr I ’■‘ted at present or'ily to Invi 
oharncl. due to the ti'ai-'" ''vil-ir.iiity of any :re']''if(e mo'iol| 
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ft operation o i; 'n!>or silicon Jr'KTa., 

' : ’ i'ot'*-' , n<.;cc;''sary to enr.are that a givnn JPSf is « 

! fi-. c.i jovinc bcTore the su-^'^ested method, cnn be applied 

L.!!':' device pern meters. A test for checking this 
criterion :r' ;; 'beori evolve'.! on. the basis of e, property of the 
Chrii'cctcr.-' st.lcs aatlG-fied on.ly by lori,g--chnnne,X JP.ETs 

[ 1 ]/" 

I.;i the course of the study of ©.xiatj-iig parallel- 
cho.unel 'rodels an inconsistency has been obnerved between .the 
vari.c tj.-.. ns of and with V^g. It haji betn shown that the 
innr; 'istency may be resolved by ta.k.ing into account the effect 
'■.he -f'l Gating substrate on the residual channel width. As a 
m.'^tter of fact, the suhstr.ate plays a very si, leant role in 
the modelling of the not only in the paralle.I-channel 

regions of operation but also in other regions of operation. 
Indeed, it appears that the neglect of the ef.fect of the 
;jU!)rt'."cte in the gradual-channel model is responsible ■ for the 

u irscrepaacy betvreen the values of ~ obtained, from the determined 

s. 

-viliies of 3,L,a ond . that given from the measiarement of 

'l‘be operi-jicntal measurements carried out in the course 
0 1' the present work exploit some conventional methods as 11 as 
roro. novel techniques. I'hose novel techniques are summarised 

do low, 

( Ficas'.ireriont of the cond’uctance g^^ of a totally 
'.alopl. .. od channel by borward biasing tiie gate-channel j^metion 
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h.Ts been aeveloped and the pincho'ff voltage ? and the built-in 

iff 

voltage across the gate-channel junction fcr a complete 
depletion of the channel have also been found. The extent of 
forward biasing has been checked by monitoring she flow of gate 
ct-irrent and the chfnmel conductance has been mcnsured from the 
two ju;.ta .coned plots as shown in figure 2.3(a) » The pinohoff 
voltage find the built-in voltage are obt(iined as the 
rnagnituies of the gate-source voltage for compl'Fte cutoff and ' 
complete conduction condition of the reiS'pectively . | 

(ii) A scheme for measurement of g^^ with a pulsed bias ; 
has been developed where the device power dissipation is limited 
to Q very low value. A small signal a~o voltage is added with th^ 

pulsed bias and the measurements of the bias voltage, bias i; 

1 

current and are carried out with nulling tccchniques where the ; 
oscilloscope is used to serve the purpose of a ietector. i 

The applicability of th" present methodology is restriotei 

! 

only to long-channel JFETs. In order that a similar process be ; 
developed for short-channel JPETs also one can think of two j 

possible alternatives - (a) the development of o. reliable poet- | 

[ 

/ ^ 

pinchoft: mociel for short-channel JFBTs, and (b) the i: lor- j 

j 

of* one more information from the parallel-channel model itself. | 
While the difficulty in the first approach has already been 
pointed out [2], the second alternative has not been fully 
•r'lored. One feature of the open channel conductance, 


viz. the 



varintj.on of 


vnti-i tci'-.nrrr'i.ii j-f Mppenrs to h'-'ve n otrun-- 
potential in thi;? uirection. As evident from the riot,,-; ui' 
..‘’i{!:ure 2,3-(b), the locntion Oi‘ the peak in r^Q vs T plot i.-? 
chriracteristic of each device and it is the .authoj’'a conJect..ire 
that the temperature at which is maximum is a function of 
channel impurity concentration alone, independent of the 
device geometry. This information can be utilised if the 
theoretical basis for the peak in vs T plot is analytically 
or empirically established in terms of the^device parameters. 

The device parameters, obtained from circuit 
measurements are the effective parameters and may be employed 
to obtain any circuit parameter at any applied bias and 
temperature. One very important utilisation of these effective 
device parameters would be in computer-aided design of 
electronic circuits, where the performance of the circuit 
containing JFETs need be optimised. 
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APPENDIX - A.l 


DERIVATION OF COMMON SOURCE INPUT CAPACITANCE 


a) Constant mobility 


As shown in Chapter 3» may be obtained as 




iss a I y(x) 

0 


(A - 1.1) 


where y(x) is the depletion layer height normalised with 
respect to the undepleted charmel height a. 


For constant mobility, drain current Ijj may be 
expressed according to Bockemuehl as 

•• (A” 1.2) 


Ip dx = zfiQ (N^q)® a*y (l-y) dy 


or 


y-ftj 


zjIq (N^qa)* (l-y) dy 


(A - 1.3) 


Substitri ting in the expression for one obtains 


s §.i^— 


,X»L 


'ias al 


D 


f (l-y) dy .. (A - 1.4) 


Ip may be expressed as 
% ^ 1 


or 


L 


X « L 
ZH, 


D L "'"0 '“o 

■" ’'X ft o 


(N qa)* y(l“y) dy .. (A - 1.5) 


Substituting the value of Ip in equation (A - 1.4) one 



obtains 


/“‘■•(l-y) dy 


iss 


a 

ezL 


(A - 1.6) 


Kn o 


Let y 




y = 1 ~ and y 
x—U 1 X 


’’2 


and U 2 are the normalised residual channel heights ufc 
the source and drain end respectively. Then one obtains 

J ^X=L 


or 


°iss 


'iss 


a 

ezL 


— SL. r 1 - 
ezL 1- ^ 


/ u du 

•'Xs.o 

^x-.L 

L u^ du 

^X% c 


fX'S.L 

I u du 


[ 1 “ I -7 — ~T ] 


ezL 


5 2 2 

u£ - U 2 


and Uo = 1 






■V.D ^ 

\ ^ '^bl 


(A - 1.7) 


(A - 1.8) 


(A - 1.9) 


are the residual channel 


heights at the source and drain ends respectively. 


b)- Pield dependent mobility 


i’or field dependent mobility the drain current 
Ijj may be expressed according to Dacey and Ross as 

Ijj^dx = 2cy^® Eg a^u“ z (l-u) dji .. (A - 1.10) 

where field conductivity 

B * Critical electric field for the square root 
c 

dependent mobility given by^ 



[X = (i 


o 



A~3 


(A - 1.11) 


where |i. is the hi^ field mobility at the field B and n 
is the repldtial channel hei^t normalised with respect 
to 'a'. Substituting equation (A - 1.11) in (A - 1.1) one 
obtains 


. = ez 

'iss a 


/ 2V 0^2 E^za^ u^ du .. (A~1.12) 

•'Xr a ^ 


Replacing as 


T 2 

■^D 


1 r 

^ Jo 


dx 


one obtains 


Now 


or 


'iss 




/ du 

JfeLy, 

(l-u)du 

%/X‘S.o 

- _a_ X*'"' 


0 . £zL /•X«L 

.ISS / u du 


X ^ ^ 
Xs o 


du 


MwilftMMW S r *1 

°is3 /**’Si* du 

•/tcz 


(A - 1.15) 


(A - 1.14) 


(A - 1.15) 


X=C 


or 


“is3 


4 4 

*T tX-J ***" 

[ 1 “ r -t 


4 3 3 

"1 ’^2 


1 


(A - 1.16) 


where u^^ and U 2 have been defined earlier. 



